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Preface 


HK idea for a volume such as this had two sources. Several years ago 
I. H. IVIaxwell, Publisher at Pergamon Press, suggested to the editors 
that he would welcome a monograph on the subject of sporadic E. Later, 
< jne of us (E. K. Smith) had a contract from the National Science Founda¬ 
tion to organize the vertical-incidence results coming from the IGY 
measurements. Some of these results are reflected in the contributions in 
this monograph; but more important, as a result of work on this project 
it became apparent that the best way of satisfying the need for the com¬ 
pilation of IGY results was to consolidate papers from the various workers 
who had carried out programs during that period. In addition to these 
two reasons, it is the feeling of the editors that the field of sporadic E has 
progjressed to a point where a volume of this nature serves a useful purpose. 
'There are several recent theoretical advances and many new experimental 
observations which it is useful to present in the same volume. 

We would like to thank all of the authors for their excellent contributions 
which make up this volume. We also wish to thank them for their for¬ 
bearance with the editorial process. 

We gratefully acknowledge the assistance provided by the Boulder 
I laboratories of the National Bureau of Standards and the High Altitude 
Observatory. We particularly wish to thank Miss Alice McRae of NBS 
and IVIiss Clara Mae Place of HAO. 


E. K. Smith, Jr. 
and 

S. Matsushita 
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Introductory Remarks 


E. K. Smith, Jr. 
and 

S. Matsushita 

The material in this volume is organized into two chapters. The first 
chapter includes introductory and survey material and is rather modest 
in length. Chapter II contains most of the meat of the volume and is 
organized into three parts. In Part A, the emphasis is on the experimental 
work which is an integral part of the contribution. Included in Part A are 
specialized measurements on the ionosphere, backscatter determinations, 
cw recordings at v.h.f., and rocket measurements. In Part B, the emphasis 
is primarily on the analysis of routine data. These data are in all cases 
vertical-incidence ionograms scaled in accordance with standardized inter¬ 
national practice. In Part C, we have gathered together papers that are 
primarily theoretical in their approach. Theoretical implications of dif¬ 
ferent structures are discussed, different physical mechanisms are con¬ 
sidered. The concluding remarks contain the Editors’ view of the status 
of the sporadic-E field at present, particularly in the light of material in 
this volume. 

The first chapter of this volume contains three contributions. The first 
one, “The Occurrence of Sporadic E”, is an updated version of part of the 
paper delivered by E. K. Smith at the 1960 URSI General Assembly in 
London, and is largely concerned with vertical-incidence observations. The 
following contribution, entitled “Reflection Mechanisms for Sporadic E” 
by K, Tao, is a theoretical survey of the various suggested mechanisms to 
explain the observed sporadic-E results. The last contribution in this 
chapter is a reprint of J. A. Ratcliife’s final remarks at the Advisory Group 
on Aeronautical Research and Development (AGARD) Symposium on 
Sporadic-E Ionization held at the Cavendish Laboratories in 1957. 

In Part A of Chapter II we have eight contributions from eight quite 
separate groups in seven different laboratories. The first paper by Skinner 
and Wright, entitled “The Reflection Coefficient and Fading Charac¬ 
teristics of Signals Returned from the Eg Layer at Ibadan”, covers vertical 
incidence measurements in the lower h.f. band made in West Africa. 
Bowles and Cohen in the second contribution, entitled “A Study of the 
Radio Wave Scattering from Sporadic E near the Magnetic Equator”, 
present experimental evidence at oblique and vertical incidence in the h.f. 
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to low v.h.f. band on equatorial sporadic E as observed on the West Coast 
of South America. The third contribution, entitled “Sporadic E as Observed 
with Rockets”, by Seddon, is a discussion of the results of measurements 
of electron density profiles as they apply to sporadic E made by using 
rockets flown over New Mexico, U.S.A., and Manitoba, Canada. In the 
fourth contribution, entitled “Backscatter Observations of Sporadic E'* by 
Egan and Peterson, we find a survey of recent Stanford backscatter results 
with particular emphasis on the IGY data. In the fifth paper: “Sporadic E 
as Observed from Mayaguez, P. R. by Backscatter Sounders”, Dueno 
presents observations made at Puerto Rico on about 22 and 41 Mc/s using 
backscatter techniques. In “Report on Recent Es Work at Brisbane”, 
Thomas highlights several areas of developing sporadic-E" work at Brisbane. 
The seventh contribution by DeGregorio, Finney, Kildahl, and Smith 
reviews some of the recent work on relating vertical to oblique incidence 
conditions at CRPL and also some multiple station measurements. The 
final contribution in Part A entitled, “Sporadic-E Propagation with 3 ^tsec 
Pulses”, by Ochs, Carpenter, and Smith, presents some 50 Mc/s short 
pulse recordings made by CRPL over a v.h.f. oblique path. 

The first contribution of Part B by Rawer is appropriately entitled, 
“Definitions of Frequency Parameters of Es Layers and their Accuracy”. 
This contribution is a critical review of the significance of regularly scaled 
sporadic-J? parameters. The following paper by Leighton, Shapley, and 
Smith, entitled “The Occurrence of Sporadic E during the IGY”, is a survey 
of both total incidence of sporadic E during the IGY in the form of world 
maps and of Es types at selected stations around the world. Contribution 
number three by Gladden, titled “A Note on the Heights of the Different 
IGY Types of contains a brief look at the variations in height of the 
different types around the world. Variation of sporadic E with sunspot 
number is then treated by Chadwick, in which data over the past sunspot 
cycle are considered. The fifth contribution, entitled “Lunar Tidal Varia¬ 
tions of Sporadic E^' by Matsushita, contains both a presentation of data 
and the theoretical consideration of the results. The sixth contribution, 
“On the Width of the Equatorial Eg Belt” by Knecht and McDuffie, 
presents the most recent determination on the width of this belt. The 
seventh and final contribution of Part B consists of a study by King of 
the night-.E layer which is frequently observed at auroral latitudes. 

The first contribution in Part C is a study by Tao of v.h.f. oblique- 
incidence sporadic-E results in the light of expectations from the different 
structures which have been suggested. This is followed by a paper by 
Layzer of the Harvard College Observatory which considers the possi¬ 
bility that sporadic E may be a result of turbulent strata in the E region. 
The third contribution by Whitehead of the University of Sydney treats 
the exciting new theory of sporadic E produced by wind shear. 'Fhe next 








The Occurrence of Sporadic E 

Ernest K. Smith, Jr. 

BouWer Laboratories, National Bureau of Standards, Boulder, Colorado, U.S.A. 


Abstract—brief review is presented of the principal temporal and geographic 
variations in the occurrence of sporadic E based on knowledge prior to the Inter¬ 
national Geophysical Year. The occurrence statistics used for this purpose are 
for vertical-incidence reflections by sporadic E at frequencies above 5 Mc/s. A 
bibliography of recent papers on sporadic E is included. 


1. Introduction 

The aim of this paper is to survey briefly the principal features in the 
occurrence of sporadic E largely to afford a background and point of 
departure for some of the following papers in this book. Attention is 
focused on the state of our knowledge of the geographical and temporal 
variations of sporadic E as it stood before the International Geophysical 
Year, A bibliography of sporadic-E papers which have appeared since the 
survey of Es published by Thomas and Smith (1959) is included at the 
end of this paper and can be used as an appendix to the earlier survey in 
order to bring it up to date. 


2. Geographic Occurrence of Sporadic E 

'The frequency of occurrence of sporadic E as observed at vertical inci¬ 
dence at 5 Mc/s is shown in Fig. 1. This particular chart is for day time and 
June solstice conditions. It is seen that sporadic-J? occurrence is high in the 
northern hemisphere, peaking between 10® to 30° in latitude, while in the 
southern hemisphere it is greatly depressed. This situation, of course, reverses 
itself for the December solstice. Also observable is the fact that the “E- 
Zone’* stations (those in the Far East and in Australia) are distinctly higher 
than those in the “W-Zone" (North and South America.). It should be men¬ 
tioned that the strictly equatorial-zone stations do not show up on this 
chart. Figure 2 shows the same data plotted on a map of the world with 
the auroral and the equatorial zones blocked out. The distinct peak between 
the Philippines and Japan shows up quite markedly and was the object 
of a special experiment utilizing v.h.f. oblique-incidence circuits which was 
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Fig. 1. Occurrence vs Latitude—^June Solstice, Daytime. 
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Fig. 2. Map of June Solstice, Daytime. 
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carried out cooperatively by the United States and Japan during the IGY 
(Smith and Finney, 1960) and served to confirm the ionosonde results. 

A close-spaced chain of stations was available in South America bridging 
the magnetic equator during the IGY. Knecht and McDuffie studied the 
distribution of ^-type sporadic E for these stations and have arrived at a 
half-occurrence width of ±51-"* in magnetic dip for ^'-type sporadic E and, 
by association, the equatorial electrojet. 

Sporadic-^ distribution for the year as a whole in the temperate zone 
is shown in Fig. 3. The main features of the total annual distribution of 

MAP SHOWING PERCENT OF YEAR f£l 
EXCEEDS SMC IN THE TEMPERATE ZONE 

Auroral Zone Region of > 15 % Auroros 
Equgforial Zone - Region of Mognttic Dip Between t 10* 

Ooto Year* 1946--19S4 



Fig. 3- Map of Ea > 5 for the year. 


sporadic E are still the peak in the Far East, which has now descended in 
latitude to around the Philippines, and a minimum in sporadic E which 
shows up for South Africa. It should be pointed out that when these charts 
were drawn no adequate-sporadic-JJ? data were available between the P ar 
East and Europe. Therefore it is quite reasonable to suppose that the 
extension of this peak all the way to the Mediterranean for the ICJY 
(L^i^hton, Shapley, and Smith) holds for the average year, ^i'he corre¬ 
sponding presentation for the auroral zone and polar cap is shown in 
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Fig. 4. Mean Annual Occurrence in the Auroral Zone. 


Fig 4 and obviously suffers from lack of data. Es can be seen to be most 
intense over Canada and at the peak of the auroral zone and to die off 
southward and also inside the polar cap. No data were then available for 
Siberia but the IGY results (Leighton, Shapley and Smith) confirm the 
three-to-one difference in occurrence between the Canadian and Siberian 
side of the auroral zone. Bellchambers and Piggott (1960) have offered an 
interesting explanation of this effect. Many efforts have been made to sec 
spirals in sporadic-jB distributions in the auroral zone and polar cap. 'Fhe 
most recent one is by Hagg, Muldrew and Warren (1959). 


3. Temporal Variations of Sporadic E 

Let us now consider the diurnal and seasonal variations of sporadic E 
(observed on 5 Mc/s at vertical incidence). These are the dominant varia¬ 
tions in sporadic E. Sunspot cycle variations (see also Chadwick), con- 
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sidered in this section, have been perhaps the most contentious of any of 
the temporal variations. 

Diurnal and Seasonal Variations of Sporadic E 

One of the strongest indications that the spectrum of observations classed 
as sporadic E must, in fact, contain quite distinct phenonaena comes from 
a consideration of the temporal variations of sporadic jE as a function of 
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SAMPLE TEMPORAL VARIATION IN Es IN TERMS OF PERCENT OF TIME 
FOR WHICH tEs EXCEEDS 5 Me 

Fig. 5. Sample temporal variations in Ea (4 charts). 
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zone. In Fig. 5 we see a series of four contour charts representing long¬ 
term averages of the occurrence of sporadic E as observed at stations 
located in four principal zones (i.e. the north- and south-temperate zones, 
the equatorial zone, and the north-auroral zone). The north- and south- 
temperate zones, as exemplified by the distributions for White Sands and 
Watheroo, are characterized by a summer solstice maximum occurring 
slightly before noon, a secondary summer evening maximum, and a much 
smaller maximum which shows up during the daytime around the winter 
solstice. The abscissa scale on the chart for Watheroo has been shifted by 
six months to bring the seasons into the same relationship in the top and 
bottom charts. In the auroral zone, as illustrated by Narsarssuak in the 
top left-hand corner, it can be seen that sporadic E is distinctly a night¬ 
time phenomenon with very little apparent seasonal variation. For Huan- 
cayo, in the lower left-hand chart, we see that the Es now occurs almost 
completely in the daytime, again with very little seasonal variation apparent. 
In the case of Huancayo the sporadic-J? incidence is completely dominated 
by 5 -type sporadic E which is autochthonous to the equatorial zone. An 
. interesting feature of Knecht and McDuffie’s recent work on equatorial 
Sporadic E which is substantiated by Bowles and Cohen is that, in addition 
to the high incidence of 5 -type sporadic E which occurs there in the day¬ 
time, there is a narrower zone right at the equator where the blanketing- 
type of sporadic E is forbidden. 

The auroral-temperate zone boundary is a very interesting one. The 
general characteristics of sporadic E in these two zones are quite different. 
In the temperate zone the dominant temporal features are the strong 
seasonal maximum in the vicinity of the summer solstice, the secondary 
maximum near the winter solstice and the minima in the equinoctial 
periods. At the maximum of the auroral zone there is very little seasonal 
variation and the dominant temporal characteristic is in the diurnal 
occurrence, where there is a distinct night-time peak. 


Sunspot Cycle Variation of Sporadic E 

The year-to-year variability of sporadic E, together with the relatively 
short period for which we have observations, makes the delineation of a 
sunspot variation quite difficult. Generally speaking, the correlation is 
positive in the auroral zone (this is probably largely a magnetic corre¬ 
lation), slightly negative in the temperate zone, and rather indeterminate 
(jn the magnetic equator where the 5 -type sporadic E shows somewhat 
greater power sensitivity than the other types. An interesting recent study 
by Kasuya (1958) shows that the occurrence of Es in Japan was almost 
constant over the last sunspot cycle. Chadwick provides very compre¬ 
hensive data for the stations he has selected. 
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Reflection Mechanisms for Sporadic E 

K. Tao* and J. R. Wait! 


1. Thin Layer Model 

A sporadic-J? patch, indicates relatively sharp variations in the gradient of 
electron density in both the horizontal and vertical directions. Nevertheless, 
the horizontal extent of sporadic E is often great enough for it to be regarded 
as a definite layer capable of producing reflection. At first we shall consider 
the thin layer model. The theory of reflection from a thin ionized layer has 
been developed by Hartree (1929), Booker (1938), Rydbeck (1942)( 194-6), 
Rawer (1938) and Millington ( 1945). These authors obtained the reflection 
coefficient from an exact wave equation. We shall briefly outline their 
theories. 


(a) Rydbeck*s Theory 

The distribution of electron density is assumed to be parabolic, so that 
the dielectric constant e(.3r) is expressed as follows: 

l^V\ 


<>■<) 

where 

AA : half-thickness of the layer 
Jn ; critical frequency 
% : vertical distance 

From this distribution of dielectric constant, the wave equation can be 
written 


(1.1) 


d^lT cua r 




If we put p == TT - and V == 

AiV /N'* 

wave equation is transformed as follows: 

d^n r. F21 

dv^'^ 4 - 


’4^Ah\ / S' 


)■" (; 


above 


n == 0 . 


( 1 . 2 ) 


* Radio Research Laboratory, Kokubunji, Tokyo, Japaa. 
t National Bureau of Standards, Boulder, Colo., U.S.A. 
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This equation is satisfied by Weber’s parabolic cylinder functions, 

n == Ap-i/2(r*e<^/4) 


(tp + I) i e_(5r/,/2)~(<3l/4)jr)_^p_l/2(P^.e<3/47*), 

(27r)V2 

In the above solution, according to Rydbeck, first term on the right-hand 
side represents a reflected wave and the second term a refracted wave. From 
this relation, the reflection coefficient JR is obtained by the following 


equation. 




(1.3) 


where T is a transmission coefficient. 



0 I c' 345678 


Rettcction coefficient for a parabolic layer. 

(It is possible that the calculations in this figure are in error because, 
as pointed out by Northover (1962), the value of R defined above is 
not always equal to the actual reflection coefficient.) 

Figure 1 shows several plots of the reflection coefficient squared as a 
function of ///n- In this figure, the critical frequency is assumed to be 
10 Mc/s. 




Reflection Mechanisms for Sporadic E 


15 


(b) Rawer*s Investigation 

Rawer investigated the reflection from the so-called Epstein layer. In 
this layer, the dielectric constant is expressed as follows: 


e{z) = 1 - iV 


qKZ 


M 




(1 + e'^*) 


(1.4) 


The second term represents a monotonic transition of the dielectric con¬ 
stant and the third term represents a symmetrical layer. If we assume a 
symmetrical layer, the dielectric constant within a layer becomes, neglecting 
collisional frequency : 


4Qfcz 

7 ^ (1 -h e «*)2 * 

The wave equation is 



(1.5) 


d^n co2 r /jv2 4qkz 1 

d .^2 ^2 L /2 (1 + e '< 2 ) 2 j ^ 


He transformed this equation into the hypergeometric dijBFerential equation 
and after complicated calculation obtained the reflection coefficient 



coshTT 



cosh* 

45* 1 

{fp\ 
[P } 

\ ~ 1 


45'* 1 

[P ) 


+ 5 ] 

1 cosh 7T 


45* ( 

^P) 




( 1 . 6 ) 

where S = 47r/A/c (relative layer thickness). 

From this reflection coefficient, reflection curves are drawn as shown 
in Fig. 2. 


(c) MiUington*s Theory 

Millington considered a sine-squared layer. In this case, the dielectric 
constant is given 

e(ar) = 1 — sin2 ttz. (1.7) 

I'he total thickness of the layer is taken asp wave lengths, Ao corresponding 
to the critical frequency. If the distance % in the layer is measured in terms 
of a unit of A/Ztt, actual distance is AvSt/Ztt. If the layer extends from 0 to aro, 
then 


A 
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(fc/ff 

Fig. 2. Reflection coefficient for the Rpstein layer. 



Rijj. 3. Reflection coefficient for a sine sciuared lay 
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The wave equation in this case becomes 


d^n . oj' 




1 dn 


[- 


^ sinS Tr;^ 

P 


n 


0 . 


If we substitute ~ v — vi? 4- ivj, the above equation is transformed 

n dsr 


to: 


dv . » . CO 




d;^ ^ ^ I P 


sin ^ ttss 


In = 0. 


Millington obtained the reflection coefficient by a different method which 
he defines as follows : 



_^_ 

V (VR^ + Vj2) ’ 


(1.9) 


Curves of reflection coefficient are given in Fig. 3. 

The theories, mentioned above, strictly apply only for normal incidence 
and some modification is required for oblique incidence (Wait 1962). 

Besides the rigorous treatments, Tao (1961) has postulated a simple 
model of a thin layer in order to account for oblique Eg measurement. The 
basic idea for this model was developed by Friis, Crawford and Hogg (1957) 
in order to explain the persistent tropospheric field intensity beyond the 
horizon. According to their single theory, if a layer has a reflection co¬ 
efficient yo, the received power is given in the form : 



■ArAt 

Wd^ 




( 1 . 10 ) 


where Pt is the transmitted power. At and Ar are the effective areas of 
transmitting and receiving antennas, and d is the distance between the 
transmitter and receiver. This relation is appropriate when the following 
conditions are satisfied, 

a>V’(A<0. 

where 6 is the grazing angle to the layer and a and b are horizontal dimen¬ 
sions of sporadic E. If the dielectric constant in the layer is assumed to 
have the form 


s(a) = I 




Zn 


\ 

r 


w = 1, 2, 3, ... 


(1.11) 
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the reflection coefficient is given by (Tao 1961) 

» _ _ l )!]2 

\Ei) ftetL*” 


X 


where 


( 


-1 i,a ( 

2;^(-l4osi + 


L sin L 

2^ 


L\ 12 

t) + '] ’ 


( 1 . 12 ) 


Ei : incident electric field 
Er : reflected electric field 
L = (47r sin 6 Ak)f^. 

Ah : half-thickness 
k ~ n — m. 

Therefore, the received power is obtained by combining formulas (1.10) 
and (1.12). Figure 4 shows a comparison between the theoretical calcula¬ 
tion from this theory and the statistical analysis of measured data carried 
out by Yamaoka (1960). Measured results agree with the theoretical curve 



Distance. km 


I 

II 

or 



c 


■o 





Ri^* 4. Comparison of measured field intensities with theoretical 


models. 
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at comparatively high values ofso that high field intensity of sporadic-J? 
enhancement corresponding to comparatively high plasma frequency may 
be explained by reflection from a thin ionized layer. 

2. Scattering Model 

Next we shall consider a scattering model for sporadic E. Some types of 
sporadic E have many features of scattering phenomena. Many authors 
have tried to explain sporadic E from the standpoint of scattering theory. 

The outline of scattering theory will be described. Among various 
theoretical works, the following three treatments have been proposed. The 
first treatment is an auto-correlation method of dielectric constant (or 
electron density fluctuations), which was derived by Booker and Gordon 
(1950) and was used for an exponential auto-correlation. Staras (1952) 
derived the scattering cross-sections more rigorously by using various 
correlation functions; i.e. Gaussian and generalized Cauchy correlation 
functions, in addition to the exponential type. Recently the modified expo¬ 
nential and modified Bessel correlation functions have been proposed in 
order to explain observed scattered fields. The second method was obtained 
by Villars and Weisskopf (1954) using the statistical theory of isotropic 
homogeneous turbulence. The third treatment was proposed for the first 
time by Villars and Weisskopf (1955) and Gallet (1955) and these theories 
suggest that the fluctuation mechanism of electron density is produced by 
turbulent mixing. This concept has also been developed by Silverman 
(1956), Bolgiano (1958), Wheelon (1957) and others. 

(a) Scattering Theory expressed by an Auto-correlation Function 

We shall consider an intersecting region of the atmosphere where the 
transmitting and receiving beams overlap. Let e be the average dielectric 
constant of the atmosphere in the region under consideration and let Ae 
be the departure of the dielectric constant from its average value at a 
point F. Similarly, let us define Aa' to be the departure at a neighbouring 
point P'. We shall define an auto-correlation function in the following 
form: 

where the asterisk denotes the complex conjugate and 

“'I’herefore a macroscopic volume v is regarded as the sum of many micro¬ 
scopic elements of volume dv. Denoting C(0) for the time variance 


[Ael^dt;. 


I.S.E.—C 
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<((A 72 ) 2 )> of the refractive index n of the atmosphere, we can put C(r) = C(0)/), 
so the scattering cross-section is given by: 

M ojria vZ3 

=--- pC'»(/>)sin(^/>) dp, (2.2) 

Trq Jo 

where 

^ y 

O' = 2^/ sin — s kl9y p = — ^ 

Zi L 

6 : scattering angle. 

Booker and Gordon adopted an exponential auto-correlation function 

C(r) = C(0)e-r/i , 

and the following scattering cross-section was obtained in this case: 


^ <(Ag/£)^>(27r//A)s sin^ X 

A[1 -f- {(W/A) sin 0/2}2]2 * 

This scattering cross-section is transformed into the following form when 
the scale of turbulence is large compared with the wave length. 

<(As/e)a> sin2 x 4^ 

327rl sin4 $12 • 


(b) Scattering Theory by means of Turbulent Energy 

Villars and Weisskopf (1954) obtained a new scattering theory using the 
statistical theory of isotropic homogeneous turbulence. As this theory is 
based on the pressure fluctuations of the ionospheric neutral fluid which 
accompanies its velocity pulsation, it is called the pressure fluctuation 
theory. 

Let us consider the scattering of radio waves from the region containing 
a medium whose dielectric constant is: 


8 = So + 


where Ae is the variation of dielectric constant from average value. The 
scattering field at a distance R from the scattering volume is given in the 
form: 




Eo {u>y^ r 
[cj J 


Ae(r) e^**" dv 


sm X- 


(2.5) 


Here Eo is the electric field of the incident wave and x tl^^e angle between 
the directions of incident and scattered fields. In this case, the scattering 
cross-section is given as follows: 


( 2 . 6 ) 
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where 

Af = J* Ae(r) dv. 

As the fluctuation of dielectric constant As is related to the density 
fluctuation Ap in the following form. As may be expressed by: 



CO iv® AAT 


CO A/> 



(2.7) 


where N indicates the free electron density and coj^ the plasma angular 
frequency. We shall now connect the density fluctuation with the velocity 
fluctuations by means of Bernoulli’s law. Since the local velocity fluctuation 
vin will be produced by the local pressure fluctuation the density 
fluctuation will be given by the equation: 






VM‘ 


where y is the adiabatic exponent, vm the molecular velocity and vin is 
defined as follows: 


Villars and Weisskopf derived the following relation from the Weizsacker’s 
theory of the homogeneous turbulence 


pin'^ — 


.9oy/3 44 /a 
p / ’ 


where Sq ^ p -r- 
h 

is obtained: 


expresses turbulent energy. The scattering cross-section 


a 




\ P / 


sin**^ 


X» 


( 2 . 8 ) 


where lo indicates the largest scale of turbulence and In means effective 
scale of turbulence. As described above, although the Villars -Weisskopf’s 
theory is expressed in terms of energy of turbulence, in some problems 
the analysis by energy spectrum is more convenient (Wheelon 1957, 
Gallet 1956, Tao 1958). However, the theory of pressure fluctuations has 
been abandoned at the present time. 


(c) Scattering J'heory by means of Turbulent Mixing 

In 1955, Gallet (1955) showed that the mechanism of pressure fluctua¬ 
tions which was proposed by Villars and Weisskopf is too small, by a 
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factor of about 10“^, to produce the observed density fluctuations. He 
proposed a new idea of stratification of the sporadic-jE layer by considering 
the turbulent mixing process. In a nonadiabatic atmosphere, the vertical 
transport of air masses produces fluctuations of temperature which give 
rise to air density fluctuations. He showed that fluctuations of the electron 
density is produced by air density fluctuations and also from transport 
in the presence of the gradient of electron density. From the considerations 
mentioned above he obtained the following relation : 


’AN\ 2\ 

.n) / 



(2.9) 


By combining this relation with the maximum of the gradient of electron 
density existing above and below the maximum of the jB-region electron 
density and the effect of temperature fluctuations, he suggested a stratifica¬ 
tion tendency of the sporadic-JE layer in three levels which can be explained 
by a turbulent mixing process. Gallet has also suggested that the spectra 
of temperature and density fluctuations in the inertia subrange of 

( 27r\ 

K. = ~\, while the Kolmogoroff’s spectrum 

which describes energy contained in the velocity fluctuations is K 
He obtained the scattering cross-section as follows: 


^ _ (/W/)^Ar/Ar)2 sin2 X eGijKi) 

Ai28-2sin0/2 ' 

where 

- 2^7t^ 1 Irr 

11 1 

Gx{Ki) = — (grad N)^ _ ’ 

jr ^ ^TT 


The theory of turbulent mixing was also proposed by Villars and Weiss- 
kopf (1955). Let us consider a region where the electron density has an 
average gradient in one direction: 

N{z) = No + (ar — 5ro) + .... (2.11) 

If a distribution expressed as (2.11) is embedded in a turbulent medium, 
electron density fluctuations AN?,, will be produced by eddies of size 4: 


ANi„ 
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In this case, the scattering cross-section is expressed in the form: 

sin^x- ( 2 . 12 ) 

Other scattering cross-sections have been obtained by Silverman (1956) 
and Wheelon (1957) from the turbulent mixing theory. 

^ 4*1^3 (Silverinan). (2.13) 



/dN\ 2 

" = ) 

As indicated above, many theories have been proposed from the scattering 
model. Most often these have been applied to v.h.f. forward scatter propa¬ 
gation. Recently a scattering theory has been developed by Tao (1961), 
specifically to explain frequency and distance dependences of oblique 
sporadic-jB propagation. This is outlined in what follows. 

As the phenomenon of sporadic E generally appears to have a denser 
concentration of electron density than the normal scattering phenomenon, 
it seems inappropriate to use the auto-correlation functions which are used 
to account for the normal scattering phenomenon. So we shall take the 
following correlation function: 

c„(p) = C(0) (2.15) 

where Kn(p) is the modified Bessel function of the second kind of order 
n and P is the gamma function. This correlation function was derived by 
Muchmore and Gallet (private communication). The calculated curves of 
this correlation function are shown in Fig. 5. In addition to these curves, 
the exponential and the Gaussian models are plotted in this figure. 

Models of the exponential, the Gaussian and the modified Bessel function 
of the first order have been used so far in order to explain both the iono¬ 
spheric and tropospheric scattering cases. Although these correlation func¬ 
tions are proper for the phenomena of normal scattering, they may not be 
appropriate for the scattering model of sporadic E which appears to have 
denser concentration of electrons. Another trouble occurs because the 
frequency dependence of sporadic-jB propagation may be difficult to explain 
from the correlation function normally used in scattering theory. A correla¬ 
tion function of the modified Bessel function of higher order, however, 
seems appropriate for the sporadic-i? model. 

We shall consider a model wherein a sporadic-jB path which has a large 
horizontal dimension contains a large number of small irregularities. In 
this analysis, it is necessary to note that the scale of turbulence which is 


• 

“"2J 


(Wheelon). 


(2.14) 
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Fig. 5, Autocorrelation function of the modified Bessel function 

[2*-«T(n)]p^K»(p). 

represented in the correlation function (2.15) does not describe the scale of 
irregularities of sporadic E, but expresses the usual scale of turbulence 
responsible for normal scattering. Although some confusion exists concern¬ 
ing the use of the world “scale” to describe the size of irregularities of 
electron density in the ionosphere, we shall define the “scale” of irregulari¬ 
ties to mean the distance in which the correlation is reduced to a specified 
value, such as 0-5, according to Booker’s (1958) definition. Following the 
theory of turbulence, the turbulent motion is considered to consist of 
superposition of a large number of different-sized component motions in 
which a large eddy distinegrates into smaller eddies after its life time. Thus 
the energy is transferred from the largest eddy to the smallest eddy in 
which the energy is transformed into heat by viscosity. 

There exists a scale of irregularities which has the following relationship 
concerning an operated frequency and a scattering angle: 


2 sin 6(2 * 

The scattering process thus acts like a narrow band filter on the spectrum. 
The scale of the small sporadic-jE' irregularities may be given as: 

L = ml, 

where / is the scale of normal turbulence and m is an arbitrary multiplication 
factor. 
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From the correlation curves, the scale of the small sporadic-^ irregulari¬ 
ties has dimensions of m times (3—4 times) the scale of the normal tur¬ 
bulence. 

The generalized scattering cross-section in the case of anisotropic 
irregularities is given in the form: 


/AA^\2//jv\'* / 3\, . . / 1 \-(»+3/2) 

O'w —= ' -- -- “ ^ _ 

( d\ 2»+3 

sin Ij [(ii2 sina y 
-f- Zj2^ cos^** y) sin^ <f> -j- COS*'^ ^]«+3/2 

where 


(2.16) 


2k sin Bjl . 

Z = -r:-[(-^1^ sin^ y + L2^ cos^ y) sin‘^ < 5 ^ -|- Lz^ 








and Li, La, Lz are diflFerent scales of the sporadic-.^ irregularities in 
directions parallel, normal and vertical to the mean horizontal drift, y is 
the angle between the mean drift and the great circle plane. The angle 
between the plane containing the scattering blob under consideration and 
the great-circle plane is denoted by <l>. This generalized scattering cross- 
section has been also obtained by Norton (1960) for the tropospheric 
scattering case. If the sporadic-L irregularities exist near the great-circle 
plane, we can get the scattering cross-section available for sporadic-L 
scatter, by putting « — 5 


0-5 ^ 1-03 X 102 


mw 

4 

LiLg 

1 +( 

3 *5 A ) 

'1 

-13/2 

47rL3 sin 0/2/ 


/27rL3'' 

\ A 

9 

1 


1" 


(2.17) 


1 heoretical curves calculated from the above formula are compared with 
some measured field intensities in Fig. 6. From this figure, the scale of 
small irregularities of the sporadic-L' patch responsible for these experi¬ 
mental observations may be considered to have a horizontal scale of the 


order of 200 m and a vertical scale of 50 m. If we take a high-order value 
of n in the correlation function, i.e., w ™ 4 7, we obtain 


> 1 

*• OC . . 

/13 


J_ 

/19- 


(2.18) 


Therefore, we can explain the frequency dependence of sporadic E by 
considering an auto-correlation function of higher order (cf. Section 5 in 
my other article in this book). In Figs. 7 and 8 in my other article (p. 235) 
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Fig. 6. Distance dependence of sporadic-JS' propagation (scatter 

model). 

are drawn families of curves with, various values of n of this function. From 
these figures, the auto-correlations of the modified Bessel function with 
ra = 4 7 seem to be responsible for the scattering model of sporadic E. 

Also, we can examine the distance dependence of field intensity corre¬ 
sponding to comparatively low value of foEs from this scattering model. 
Relatively low sporadic-£^ field may be explained by the scattering model, 
as indicated in Fig. 4. 
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Final Remarks of 1957 AGARD Conference 
of Sporadic-£J Ionization 

J. A. Ratcliffe 

Department of Scientific and Industrial Research, Radio Research 
Section, Slough, Bucks, England 

Abstract —In this paper I shall not attempt to summarize everything that has been 
said at the conference, but instead, I shall present, in outline, a reasoned account 
of what I, as one member of the conference, consider to be the main points which 
have arisen. I shall consider, in turn, the facts, deductions from them about electron 
distributions, theories about the production of these distributions, and gaps in our 
knowledge and suggestions for future work. 

1. The Facts 

1.1 Statistics of Occurrence in Different Parts of the World 

There are three major zones in which the temporal variation of the 
occurrence of sporadic E is markedly different. The auroral zone in which 
Eg is predominantly a night time phenomenon which shows little seasonal 
variation. A middle latitude zone in which Eg is predominantly a summer¬ 
time phenomenon, occurring both by day and by night, but more intensely 
by day. An equatorial zone in which Eg is a daytime phenomenon with 
little seasonal variation. Observations in both Europe and Australia seem 
to show that observers in middle latitudes find more Eg nearer the equator. 

Although there is not a very strong correlation with magnetic disturb¬ 
ances, it seems clear that on disturbed days there is a likelihood that, in 
the auroral zone, more Eg will be present, and that in the middle latitude 
zone there will be less. There is no clearly established variation with the 
solar cycle, although there is some evidence to show that in winter there 
may be more in the decreasing phase than in the increasing. 

1.2 The Character of Eg Echoes Observed at One Place 

The presence of Eg shows on the /^'(/) trace in different ways, which 
have been classified by the World-Wide Sounding Committee as explained 
in the papers by Smith and Thomas. Although this classification is useful 
for correlating observations made all over the world as a routine, more 
detailed information about the echoes is needed before useful theories can 
be properly tested. 

Surprisingly little is known about the reflection coefficient of Eg echoes. 
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This magnitude is determined partly by absorption below the level of 
reflection and partly by the process of reflection itself. It is not of much 
interest to know, for example, that Es is stronger at night than by day, 
because presumably this diiference results mainly from the ordinary diurnal 
change in the i9-region absorption. A most significant quantity, if it were 
available, would be the ratio of the strengths of Eg echoes to the strengths 
oi E or F echoes on the same or on neighbouring frequencies. This should 
not be difficult to determine, and it is to be hoped that more extensive 
measurements of it will be available before long. 

As with the ordinary E and F echoes, it would be valuable to know the 
form of the function p(/, t, d) which describes how the reflection coefficient 
p depends on wave-frequency /, time t and distance between observing 
points d for small changes of these three quantities. Briggs and Chatterjee 
have investigated how p depends on f for a limited number of examples. 
It would be interesting to investigate the function />(/) for several diflFerent 
types of Esi so that average curves were available for comparison with 
theory. In particular, not much is known about how the mean, smoothed 
value of p varies with frequency between the blanketing frequency fbEg 
and the end frequency foEg of the type of Eg in which there is a large 
E-F overlap. The fact that/oJE's is not dependent on the sensitivity of the 
apparatus suggests that p decreases rapidly as/approachesIt appears 
that the difference foEg — fbEg can change quite rapidly mainly through 
changes of fbEg. 

Investigations of the fading at three close-spaced receivers have led to 
determination of the size and shape of the irregularities in the radio wave 
pattern at the ground. It is found, in general, to be such that its correlation 
function falls to 0*5 in the order of one or two wavelengths, just as for E 
and F echoes. The auroral type of Eg gives rise to a ground pattern which 
is somewhat anisotropic and in which the ellipses of constant correlation 
have an axis ratio of the order of 4 : 1 and are aligned with their major 
axes E-W. In the intermediate zone the pattern is statistically isotropic, 
while in the equatorial zone there is a marked anisotropy with axis ratio 
about 10 : 1, with the major axis along the N-S direction. 

When Eg and F echoes are present simultaneously, there are occasions 
when the phase of the Eg echo is altering rapidly and by several multiples 
of 27r, while that of the F echo shows no rapid variations comparable 
with 277. It would be useful to know whether the appearance of an Eg 
echo corresponds, on the average, to a change in the mean phase of an 
F echo detectable at the same time, but the information is difficult to 
obtain because the phase of any F echo ailways changes considerably in a 
time corresponding to the growth of an Eg echo. 

Radio stars observed vertically, by day, when Eg echoes are present, do 
not scintillate, but when observed obliquely they often do. 



30 


J. A. Ratcliffe 


1.3 Spatial Distribution and Movement of Es Echoes 

Es echoes occur on the average in “patches’' having extensions of the 
order of 200 km. When the echoes are observed at one place they last for 
a time which is very variable, but has a mean of the order of one hour. 

It is not yet clear whether these patches move about much, or whether 
they grow and decay roughly in the same position. There is some evidence 
that they do not move much, on the average. Inside the patches small 
“clouds” of Es are sometimes observed to pass overhead with a well- 
defined steady drift. 

As with echoes from the E- and i^-layers, the Es echoes consist of an 
irregular pattern of amplitude on the ground, which alters randomly and 
also drifts with an average overall velocity. Ionospheric drift movements 
have been deduced from observations of this pattern at close-spaced 
receivers and, in the Arctic region, at times of ionosphere disturbance, the 
velocities have been as great at 1000 m/s. They most probably represent 
movements of electrons produced by electro-magnetic forces. It is worthy 
of note that auroral electrons have also been observed to move in the E-W 
direction with velocities of this order. 


2. Electron Distributions 


The first step in making deductions from the observations is to decide 
what distributions of electrons could produce the observed echoes. Since 
there are many types of echo, each with its own special characteristics, it 
would not be surprising if there were a corresponding number of electron 
distributions. The ones that have been suggested include:— 


Horizontally irregular 
distributions 

Horizontally stratified 
distributions 


f^NjN small 
\^NIN large 

{ thin layers 
sharp gradients 


Horizontally irregular distributions, with ANIN small, would be 
expected to produce comparatively weak partial reflections over a wide 
range of frequencies. It seems probable that they are the cause of the 
“meteoric” Eg of Naismith, the equatorial Es, and the partially-reflecting 
type of auroral Eg. Slant auroral Eg could be produced by a horizontally 
irregular layer of this type situated a short distance below the level of 
reflection in the E'-layer. 

Horizontally irregular distributions, in which AN(N was large, could be 
the cause of the type of Eg which shows “blanketing” up to a frequency 
fhEg and partial transparency between fbEs and a “top” frequency foEg. 
ft,Eg would then correspond to the smallest electron densities and foEg to 
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the greatest. It is desirable that reflection from this kind of distribution 
should be investigated more fully theoretically. 

There seems to be little doubt that, on some occasions, Es reflections 
are produced by horizontally stratified thin layers of electrons. The p(f) 
results of Briggs and Chatterjee demonstrate this by experiments on the 
ground, and the most common thickness seems to be about 5 km. On two 
occasions rockets have demonstrated the existence of thin layers of this 
kind. It has sometimes been said that measurements of ikf-type echoes can 
be used to measure the thickness of thin layers, but there has been no 
detailed discussion of how reflection can occur from different heights for 
the up-going and down-coming wave. A discussion on a full wave theory 
would be interesting. 

The only evidence that sharp gradients of electron density, as distinct 
from thin layers, might be responsible comes from the results of rocket 
soundings. It appears, however, that spurious gradients might appear in 
the electron density profiles if the rocket traversed a region where there 
were marked inhomogeneities in the horizontal direction, so that this 
evidence is unreliable. 

3. The Ultimate Causes of Eg 

If the types of electron distribution responsible for Es were known, it 
would next be necessary to consider how they could be produced. They 
might result from (a) redistribution of existing electrons or (b) changes in 
the rates of production or loss of electrons. 

There is possibly a little evidence that thin layers of electrons are some¬ 
times produced by vertical re-distribution, for it has been noticed that the 
shape of the remainder of the JS^(h) curve, determined on one occasion 
by vertical sounding, and on another by a rocket experiment, changed 
when a thin layer was formed. 

It seems that the only type of force which could reasonably be expected 
to re-distribute electrons into a thin layer would be an electro-magnetic 
one, and would involve a loop of current which ought to be detectable by 
a magnetometer sent through the layer. 

The recombination time (the ‘‘sluggishness” of Appleton) in the A-layer 
is known to be about 10 min, so that, if a thin layer were to be kept in being 
for one hour (the average duration of an Es patch) the forces redistributing 
the electrons would have to continue for nearly the whole of that time. 

A re-distribution of electrons to produce irregularities in the horizontal 
plane could be the result of turbulence. It has to be remembered, however, 
that recent work has shown that turbulence is insufficient to produce even 
the weaker irregularities in the normal JS-region by simple compression 
and dilation. A vertical gradient of electron density is first required, so 
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that turbulent whirls can move denser and less dense parts up and down 
to produce the irregularities required. Enhancement of these irregularities 
to produce an Eg echo might result from an increased gradient, or increased 
turbulence, or both. 

To account for large values of ANjN in an irregular layer would require 
a steep gradient for the turbulent whirls to work upon. But a gradient of 
the necessary steepness would almost certainly be sufficient to produce an 
Eg echo by itself. 

The electron distributions responsible for Eg echoes could be the result 
of modifications to the rates of production or loss of electrons. Direct 
increases of the production rate by incoming particles may well be the 
cause of the irregular ionization responsible for the “meteoric” JS's-layer 
and the auroral Eg. It is less likely to be responsible for the equatorial Egy 
because of the diJfficulty which incoming charged particles experience in 
reaching the equator. It is difficult to see how smooth thin layers, having 
the extent of Eg patches, could be produced at any part of the earth by 
any incoming ionizing agency. 

Patches of increased ionization, either smooth or irregular, could be 
produced by modifications of the atmosphere in one or other of the 
following ways. 

The presence of a minor atmospheric constituent, more easily ionizable 
by the sun’s radiation, could be responsible for extra ionization during 
the day. A similar constituent which modified the recombination rate could 
be effective either by day or by night. It has been suggested that minor 
constituents of these kinds might collect near a height of 100 km by the 
diffusion of matter from meteor trails. 

Another mechanism by which extra electrons might be produced is 
through the transport upwards of some atmospheric constituent which 
carried stored energy, ready to be released in the production of free 
electrons. The most likely constituent of this kind appears to be negative 
ions. The precise mechanism for detaching the electrons has not been 
suggested, and it is difficult to see why it should be most efficient near 
100 km. 

The fact that the equatorial zone of Eg coincides approximately with 
the zone of the equatorial electrojet has suggested that the current in the 
electrojet might be directly responsible for the E„ ionization. Another 
suggestion might be that the ions in the electrojet experience a force which 
carries them up to a level where the electrons are, for some reason or 
other, more easily detached. 

4. Futurh Invi?stxgations 

When the IGY is over a mass of data will have been collected from 
routine ionospheric observatories. It is highly desirable that it should be 
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supplemented by some detailed d hoc experiments made at a few key 
places. The most valuable obserations would seem to be those made with 
powerful ionosondes having good resolution. The ratios of the amplitude 
of the Es echo to the amplitude of the E and F echoes should be determined 
at one frequency, and the way in which the reflection coefficient of Eg 
varies with frequency should be examined. The fading of Eg should be 
studied at close-spaced receivers and analysed to show the size of the 
irregularities and their movements. Attention should be paid to observation 
and theory of M-type echoes. The lower frequency radiations from artificial 
satellites should used to investigate the passage of waves through patches 
of Eg. Detailed Fl{h) curves should be computed to show the distribution 
of electron density in the jSj-Iayer and in the A'-layer before, and after, the 
jEj-layer has formed. The growth and decay, and movement, of patches 
of Eg should be studied. Investigations should continue with rockets which, 
when possible, should carry magnetometers and mass spectrographs 
through the reflecting region. It is important that, when rockets are used, 
ionograms of the very highest quality should be simultaneously recorded. 
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Abstract—Some of the characteristics of echoes from the two principal daytime 
types of Es at Ibadan have been investigated by means of vertical incidence pulse 
transmissions in the frequency range 4 to 8 Mc/s. For the equatorial ?-type Es 
it is found that the fraction of the incident power reflected back varies with frequency 
f approximately as 1 //**^ The fading rates are of the order of 4 c/s and increase 
almost linearly with wave frequency. Spaced receiver experiments indicate that 
the irregularities in the diffraction pattern on the ground are elongated along the 
geomagnetic field lines with scale sizes of about 20 metres and 300 metres in the 
east-west and north-south directions respectively. Blanketing Es is observed only 
occasionally at Ibadan and it is found that its fading characteristics are very similar 
to those of the normal E layer with fading rates of about 0*8 c/s. The ground 
amplitude pattern has scale sizes of 60 metres and 500 metres transverse and 
parallel to the field lines respectively and the fading at midday is consistent with 
the picture that the irregularities in the ionosphere are moving westwards with a 
steady horizontal drift velocity of about 60 m/s superimposed upon a random 
velocity of 30 m/s. The amplitude distributions of the signals reflected or scattered 
from both types of Es are predominantly of the Rayleigh type. 


1. Introduction 

Two principal types of Es are observed during daylight hours at Ibadan, 
(1) the normal equatorial or type Es and occasionally (2) an “A” or 
type blanketing Eg. Equatorial Es is observed only at stations in a 
narrow belt about 7° wide along the magnetic equator (Matsushita, 1951). 
The signal strength received at vertical incidence by scattering from this 
type of Eg is very strongly dependent upon the strength of the electrojet 
current flowing at F-layer heights in the ionosphere as is shown by the 
very close correlation between fEg and the geomagnetic field components 
at the earth’s surface, both for large variations (Skinner and Wright, 1957) 
and for small variations (Bowles and Cohen, 1960). This type of Eg is 
almost completely transparent over the whole sounding frequency range 
and echoes are scattered from a constant altitude of about 100 km. In 
section (2) the results of some measurements of the partial reflection 
coefficient of equatorial type Eg in the frequency range 4-7*5 Mc/s are 
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presented and discussed. In sections (3) and (4) the fading characteristics 
and amplitude distribution of these reflections are discussed and from 
measurements made on spaced receiving aerials some deductions are made 
as to the size and shape of the amplitude pattern on the ground. 

Blanketing Es occurs much less frequently than the equatorial type at 
Ibadan and as yet its origin is not known. It usually lies above the equatorial 
Es layer at an altitude of about 115—125 km. It shows group retardation near 
foE ond it may be partially transparent at higher frequencies. The fading 
characteristics of reflections from this type of Es are similar to those of 
the normal J^dayer and completely different to those of “g-” type Eg. 
Some characteristics of this type of Eg are discussed in section 5. Recent 
work reported by Smith (1960) suggests that there is a narrow zone at 
the magnetic equator where the blanketing type of Eg is forbidden. In 
Nigeria, blanketing Eg is observed both at Ibadan (magnetic latitude 3°S) 
and Maiduguri (magnetic latitude 2®N) so that the forbidden zone, if it 
exists here, is less than 5° wide in latitude. 


2. The Partial Reflection Coefficient for Equatorial Type Eg 

2.1 The Measurement of the Reflection Coefficient 

Midday measurements of ionospheric absorption at vertical incidence 
have been made at Ibadan since December 1953, using manually operated 
equipment of the type described by Piggott (1953). Briefly, this consists 
of a pulse transmitter of about 1 kW peak power, operating at a series of 
frequencies in the range 2-8 Mc/s, together with a stable receiver and 
associated display units. On a series of frequencies greater than the normal 
.E'-layer critical frequency/ ojE, the amplitudes of the reflected signals from 
the Eg layer, Asy and from the jP-layer, Ap^ are measured. 

Then 


Ap 


AopopEppO- — 
2h'F 


( 2 . 2 ) 


where r is the “effective” amplitude reflection coefficient of the Eg layer 
(assumed to be the same for rays incident from below or above), and 
PDy pEy pp represents the absorption taking place in the double passage 
through the Z), jB, and F layers. Ao is & constant depending upon the 
equipment power and frequency and h'Eg, h'F are the virtual heights of 
the Eg and F layers. 

In equation (2.1) no allowance is made for E layer absorption, an assump¬ 
tion which may be justified since .E« lies very near the bottom of the 
normal E layer. 
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From equations (2.1) and (2.2) . 

^ r 1 
Ap h'JF (1 — r^') pspF 


(2.3) 


Thus R'Es can be found from the relative amplitudes and heights of the 
Eg and F layer echoes. 

A more convenient parameter, REs would be one independent oi pE 
and pp^ for instance 

REs = ^ = R'EsPmpf (2.4) 


and since r is usually small, REs r. 

Reasonable estimates of pbpf can be made throughout the sunspot cycle 
from the normal absorption measurements so that values of R'Es can be 
converted to corresponding values of REs. 


2.2 Variation with Frequency of REs 

The year of sunspot minimum, 1954, is particularly useful to study 
since absorption conditions were steady and reasonably confident estimates 
of REs can be made for frequencies of 4'0, 5-0, 5*8 and 6-5 Mc/s, each 
value being based on oyer 300 individual daily noon measurements. These 
four frequencies were chosen to avoid the critical frequencies of the E, 
Ex and F 2 layers by as wide a margin as possible. 


Table 1—Mean values of RE a on. four frequencies for the year of 

sunspot minimuna, 1954 


Frequency Mc/s 

4-0 

5-0 

5-8 

6-5 

REa 

0-063 

0-030 

0-013 

0-0072 


Booker (1959) has shown that the ratio of the back-scattered power to 
the incident power is 


<TB oc exp 



8ir'W^' 


(2.5) 


for a Gaussian auto-correlation function of the irregularities, where L is 
the scale size of the irregularities along the direction of sounding and A is the 
wavelength. For some other auto-correlation functions Booker shows that 


OB oc 



( 2 . 6 ) 


where n takes values of 4, 5, or 6. In these cases when ^ttLIX is large the 
formula becomes o-/i oc XTK 
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l/A^, lO "' n (m)'^ log (A) 

(a) (b) 

Fig. 1. The mean dependence of the partial reflection coefficient 
of ^I'-type Eg on frequency at midday in 1954. 

Figure 1(a) shows that a graph of ln(i?jE«) against l/A^ is a reasonable 
straight line whose slope from equation (2.5) gives a value for Z/ of 14 metres. 
Figure 1(b) shows that a graph of log(i'?£'s) against log(A) is also fairly 
linear and gives a value for n in equation (2.6) of about 9*4. This is rather 
larger than the values deduced using the auto-correlation functions dis¬ 
cussed by Booker. This value of n may be compared to the results obtained 
by other workers for scattering from JSs. Booker (1959) quotes measure¬ 
ments on oblique transmissions at frequencies of 30 to 100 Mc/s which 
gave a value of n equal to 18- Davis, Smith and Ellyett (1959) obtained 
values of n in the range zero to 27 also on oblique paths. Since, however, 
allowance must be made for the oblique trajectory and for the fact that 
these other observations were not on equatorial type Es, no real com¬ 
parison can be made. 

A possible source of error in our experiments arises from the fact that 
the same rhombic transmitting aerial is used for all frequencies. The 
width of the main vertical lobe will vary with frequency so that oblique 
scattering from irregularities not directly overhead will contribute un¬ 
equally at different sounding frequencies. We do not consider however 
that oblique scattering seriously affects the peak amplitude of the signal 
as measured at the lowest virtual height. 

3. Fading of Partial Reflections from Equatorial 'Pype 
3.1 

Fading records of signals from ^?’-type Eg have been taken over a range 
of frequencies using both single and spaced receiving aerials. By using a 
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recording film speed of about 2*6 cm/sec, it is possible to measure the 
amplitude of each reflected pulse so that with a single aerial amplitude 
measurements can be made every *02 sec, and with three spaced aerials 
measurements can be made at every *06 sec, on each trace. 

The variation of amplitude with time has been investigated in three ways: 

(a) by counting the number of maxima, A^, per sec. 'rhe fading period 
T 2 is then 1/A^. 

(b) by calculating the “speed of fading” S from 

/R (3.1) 

where R is the instantaneous amplitude of the received signal. 

(c) by computing the auto-correlation function of the fading. 



3.2 The Number of Maximajsec N 

The fading rate of echoes from equatorial Ea is very much more rapid 
than that for the types of Eg experienced in temperate latitudes. Fading 
rates in the range 2-5 per sec are normally experienced at Ibadan, the 
fading rate increasing almost linearly with increasing wave frequency. 
This is illustrated by Fig. 2 in which the number of peaks/sec, Ny is 
plotted against wave frequency for two typical days at about noon. 


3.3 Speed of Fading S 


The speed of fading S has been calculated using equation (3.1) above and 
Fig. 3 shows again that the fading speed S increases almost linearly with 
increasing wave frequency. 

It can be shown from the statistical work of Rice (1945), RatcliflFe (1948) 
and McNicol (1949) that 

~ = 1 *6 approximately (3.2) 


S 

'Fable 2 shows measured values of Sy N and ^ on a typical day and it is 
seen that the relationship (7) is obeyed approximately by the Eg fading. 


3.4 The Auto-correlation Function of Fading 

For a signal of amplitude R{t) the auto-correlogram of R{t') is defined by 

R{t) • R(t + 7 ) - (Mf)Y 


prY) 


RHt) - iR(t)y 


(3.3) 


When this function is Gaussian in form 


(3.4) 
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Table 2. 


A 

Frequency 
in Mc/s 


N 

JV 

70 m 

4-3 

4-6/sec 

2-45/sec 

1-88 

61 m 

4-9 

5*2/sec 

2-95/sec 

1-76 

53 m 

5-7 

5 *43/sec 

3*35/sec 

1-68 

46 m 

6-5 

7-41 /sec 

4-17/sec 

1-78 

40 m 

7-5 

9’4/sec 

4-6/sec 

2-04 

35 m 

8-5 

11-6/sec 

5-2/sec 

2-23 



Fi|?. 2. 'Fhe variation of fading speed (as measured by the number of 
peaks/sec) with frequency at noon on 5th July 1959 and 29th July 

1959. 
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Fig. 3. The variation of the speed of fading, S, with frequency on 

5th July 1959. 


where b is the time displacement for which pR(r) = 0*61 and if R(t) has a 
Rayleigh probability distribution 


N 


3-526 


(3.5) 


Values of b have been calculated from equation (a) from auto-correlo- 
grams for signals received on 4.8, 6.0, and 7.2 Mc/s. From these values 
of 6, equation (10) is used to calculate a value of N. Table 3 shows a 
direct comparison of these calculated values with those actually measured 
directly from the fading records. 


Table 3. 


/ (Mc/s) 

Wavelength 

(m) 

N 

calculated 

N 

measured 

North-South 
correlation at 180 m 
separation 

4-8 

62 

2-3 

2-2 

0-86 

6*0 

50 

4-4 

3-6 

0-70 

7*2 

42 

5-4 

3-9 

0-56 
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3.5 Spaced Aerial Measurements 

Simultaneous fading records have been taken using three receiving 
aerials spaced at the corners of the right angled triangle whose hypotenuse 
is in the North-South direction. The sides of the triangle are 180 m, 127 m 
and 127 m and the equipment is that normally used for the measurement 
of horizontal drifts. The transmitted pulse repetition frequency is 50 c/s 
so that with the aerial switching system used, pulses are received on each 
aerial at intervals of 0-06 sec, and the amplitude of each received pulse can 
be measured directly from the film record. Some of these fading records 
have been subjected to a full correlation analysis, a typical example of 
which is given in Fig. 4. This shows the mean auto-correlation function 
for Es fading at a single aerial (curve I) together with the cross-correlation 
functions for fading at the North-South aerials, the North-West aerials 
and the South-West aerials (curves II, III and IV respectively). There is 
seen to be a high cross correlation of 0*75 at zero time delay for the North- 
South pair of aerials but very low correlation at all time delays for the 
other pairs of aerials. 



Fig. 4. Curve I—^The mean auto-correlation function for fading at 

3 spaced aerials. 

Curve II—^The cross correlation function for fading at the north 

and south aerials. 

Curves III and IV—The cross-correlation functions for fading at the 
north and west aerials and at the south and west aerials respectively. 
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Considering the above example further, if the amplitude pattern on the 
ground is represented by an auto-correlation ellipse (Phillips and Spencer, 
1955), the “size” of the pattern, defined as the distance for which the 
auto-correlation drops to 0*5, is about 20 metres in an east-west direction 
and about 350 metres in a north-south direction, for a frequency of 5*7 
Mc/s. The correlation in a north-south line decreases almost linearly with 
decreasing radio wavelength as shown by the last column of Table 3, so 
that, as would be expected, the “size” of the diffraction pattern is roughly 
proportional to the wavelength. Because of the relatively large wavelength 
used, no deductions about the “size” of the irregularities in the ionosphere 
can be made from the size of the diffraction pattern on the ground, al¬ 
though the E-W size deduced here for the amplitude pattern on the 
ground is of the same order as that deduced in section 2.2 above for the 
vertical dimension of scattering centres in the ionosphere. 

The highly elliptical shape of the amplitude patterns on the ground 
suggests that the irregularities responsible for Eg fading are elongated 
along the geomagnetic field lines. We have previously observed similar 
effects (Skinner, Hope and Wright, 1958) with fading from normal E 
and F layer reflections and Egan (1959), using backscatter equipment at 
Huancayo, has also obtained evidence of field-aligned irregularities in the 
equatorial Es region. It has recently been pointed out by Bowles, et al. 
(1960) that these results may also be interpreted in terms of a rather 
different model for the ionospheric irregularities. They suggest, with con¬ 
vincing experimental evidence, that the irregularities consist of a family of 
plane wavefronts (perhaps longitudinal hydromagnetic waves of electron 
density), whose wave normals are distributed in a plane normal to the 
geomagnetic field lines. 


4. Amplitude Distribution 


4.1 The Theory of Amplitude Analysis 

An examination of the amplitude distribution of the received signals 
from Eg is helpful in determining the exact process by which ‘ ‘reflection” 
takes place. If the downcoming wave consists of a large number of scattered 
waves with phase paths differing from one another by random fractions 
of a wavelength the probability distribution of the resultant amplitude R 
will be given by the Rayleigh distribution 
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where ^ is a parameter related to the average value R by the expression 



If, in addition, there is a steady component in the received signal due 
to specular reflection in the ionosphere, the probability distribution of the 
resultant amplitude Q is 


where B is the amplitude of the steady signal and lo is the Bessel function 
of zero order and imaginary argument. 

The above expressions have been given by McNicol (1949) following 
the work of Rice (1945). McNicol has given a series of curves showing 
the amplitude distribution for various values of a parameter d which is a 
measure of the signal-to-noise ratio and is defined as 

d = 

and when d < 1, p(Q) is approximately a Rayleigh distribution and for 
d ^ 3 the distribution is almost purely Gaussian. Thus an analysis of the 
amplitude distribution of the signals received from Bs allows an estimate 
of the ratio of scattered to specularly reflected signal to be made. 

4.2 Experimental Results 

Fading records of signals received from $'-type Eg in the frequency 
range 4-3~8-5 Mc/s have been analysed by plotting the amplitude dis¬ 
tribution curves and comparing them with the series given by McNicol 
(1949). It is found that, for the higher frequencies in this range, the 
returned signal is almost entirely random phased with a Rayleigh ampli¬ 
tude distribution, whereas at the lower frequencies near 4*5 Mc/s there 
is often a considerable component due to specular reflection. 'I'his is 
illustrated in Figs. 5a and 5b which show typical amplitude distributions 
at radio frequencies of 4*3 and 8*5 Mc/s respectively. In Fig. 5a the 
experimental values (shown as circled points) are compared with the 
broken curve which represents the Rice-McNicol function for d 2 and 
it appears that there is a considerable specular component in the reflected 
signal. On the other hand at 8*5 Mc/s, Fig. 5b shows that a theoretical 
Rayleigh distribution fits the experimental measurements very closely. 
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Amplitude, arbitrary units 


(b) 

Fig. 5. (a.) The amplitude distribution at a frequency of 4.3 Mc/s. The 
circled points are experimental values and the broken curve shows the 
Rice-McNicol function d~ 2, (b.) The amplitude distribution at a 
frequency of 8.5 Mc/s. The broken curve shows a theoretical Rayleigh 

distribution. 


5. Fading Characteristics of Echoes from Blanketing 1’ype Es 
5.1 Fading Rate 

Blanketing type Eg echoes occur at Ibadan at midday on average about 
once per month. The fading rate of these signals is noticeably smaller 
than that of equatorial type Eg and to demonstrate this, values of N have 
been calculated from the auto-correlation function using equation (3.5). 
Mean values of N = 0-74 per sec at 5*7 Mc/s and N = 0*81 per sec at 
7*5 Mc/s were obtained from six separate occurrences of blanketing Eg 
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compared to values of between 3 and 5 per sec for the same frequencies 
with equatorial type E$. The fading rate for blanketing Eg is thus about 
five times slower than that for S'-type Eg. 

5.2 Spaced Aerial Measurements 

Fading records have also been taken on echoes from blanketing Eg 
using the spaced receiving aerial system and once again it is found that the 
irregularities in the ground amplitude pattern are strongly field aligned. 
It is usually possible to measure the east—west drift component from these 
records by using the full correlation analysis of Phillips and Spencer (1955) 
and twelve such records have been analysed in full. It is found from this 
analysis that the fading of the signal at midday is due to a combination of a 
steady westward drift velocity of about 60 metres per sec together with a 
random velocity (Vc) of movement of the irregularities of about 30 metres 
per sec. The characteristic ‘‘size** of the diffraction pattern irregularities 
on the ground in an east-west direction is about 60 metres, which is 
similar to the pattern size for reflections from the normal J5'~layer and 
about three times greater than that for g'-type Eg. The “size** in a north- 
south direction is of the order of 500 metres. 

5.3 Amplitude Distribution 

An analysis of several fading records from blanketing Eg shows that the 
amplitude distribution is of the Rayleigh type. The records analysed have 
been for frequencies of 5-7 and 7-5 Mc/s only and there is little evidence 
for the presence of a specularly reflected component at these frequencies. 
However, with blanketing Eg the transparent equatorial type is invariably 
present also and it is likely that some of the fading is due to the double 
passage of the reflected wave through the g-type Eg. 

6. Conclusions 

Our experimental findings may be summarized as follows. 

6.1 Equatorial Type Eg 

(a) The ratio of power scattered back through 180° to the incident 
power is proportional to /fs-4 in frequency range 4 to 6-5 Mc/s and the 
scale size of the irregularities in the direction of sounding is about 14 
metres. 

(b) In this frequency range, fading rates of about 4 cycles per sec are 
experienced, and it is found that the fading rate increases almost linearly 
with increasing wave frequency. 

(c) The irregularities in the amplitude pattern on the ground are highly 
elongated along the magnetic field lines. The scale “size” of the ground 
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pattern is about 20 metres in an east-west direction and about 300 metres 
in a north-south direction. 

(d) The amplitude distribution of the scattered signal is of the Rayleigh 
type at the higher frequencies but there is some evidence for the presence 
of a considerable specular component at the lower frequencies, 

6.2 Blanketing Type Es 

(a) Fading rates are much smaller than ‘those for ^/'-type Es and are of 
the order 0-8 cycles per sec. 

(b) The amplitude pattern on the ground is similar to that obtained 
with reflections from the normal ^-layer, i.e. the scale size is about 60 
metres in an east-west direction and about 500 metres in a north-south 
direction. 

(c) The fading of the signal at midday is due to a steady westward drift 
velocity of about 60 metres per sec superimposed upon a random velocity 
of movement of the irregularities of about 30 metres per sec. 

(d) The amplitude distribution is mainly of the Rayleigh type. 
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A Study of Radio Wave Scattering from Sporadic E 

near the Magnetic Equator 

Kenneth L. Bowles and Robert Cohen 

Central Radio Propagation Laboratory, National Bureau of Standards, Boulder, 

Colorado, U.S.A. 

Abstract—Sporadic-£! irregularities in the equatorial ionosphere have been 
simultaneously studied with an ionosonde located at Huancayo, Peru and by means 
of radio-wave scattering at 50 Mc/s. The latitude dependence of oblique scattering 
has been observed over paths in the vicinity of the magnetic equator. A close 
relationship has been established between the strength of the scattering irregularities 
associated with equatorial sporadic E and the intensity of the equatorial electrojet 
current. Radar studies at Huancayo suggest that the equatorial sporadic E 
irregularities in the electrojet are plane wave fronts parallel to the earth’s magnetic 
lines of force. On this model, the wave normals to these planar irregularities are 
distributed at various angles in a surface normal to the magnetic field lines, and 
the planes move westward at velocities which are a function of these inclination 
angles. The slanted trace heretofore described as “equatorial slant sporadic is 
demonstrated to be a configuration arising from echoes in the east-west plane from 
the equatorial sporadic B-layer. 


1. The IGY Experiment 


Background 

In order to study the behavior of v.h.f. ionospheric scattering in the 
vicinity of the magnetic equator, oblique scatter paths were established in 
South America during the International Geophysical Year. There was 
considerable interest, in designing these experiments, in the extension of 
knowledge regarding scattering effects in the ionospheric /)-region to 
include the equatorial zone, and it was realized that the oblique scatter 
technique could provide useful information about many of the phenomena 
in the equatorial ionosphere due to electron density irregularities in the 
E and B-layers. (The terms “equator” or “equatorial” are understood in 
this paper to refer to the vicinity of the magnetic equator.) 

One of these irregularity-phenomena is equatorial sporadic E. This is a 
daytime configuration (Fig. 1) on equatorial ionograms, such as those 
obtained in Huancayo, Peru (12°3'S, 75"20'W). The triangular configur¬ 
ation at B-region heights on this ionogram includes strong but not blanketing 
reflections at the 100 km level, and a slanted region where scattered echoes 
are being received at ranges increasing with frequency. These portions of 
the ionogram are defined as “Equatorial sporadic B” or “B^-^”, and 
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Fig. 1. The configuration of “Equatorial sporadic JB” and “Equatorial 
slant sporadic F” observed at Huancayo, Peru at 1229 EST, 19 April 

1960. 

“Equatorial slant sporadic E” or respectively, and they usually 

occur simultaneously. The wedge-shaped configuration of scattered echoes 
bounded by these phenomena appears with them and has not been assigned 
an official designation. 

The “critical frequency” of the equatorial sporadic E, or the highest 
frequency to which it extends on ionograms, has been utilized heretofore 
as a parameter characterizing the intensity of this scatter phenomenon. 
The daytime current stream known as the “equatorial electrojet” flows 
along the magnetic equator at the 100 km level, and an association has 
been noted (Matsushita 1951) between the variations in this current and 
those of the “critical frequency” of the Es-q. (The strength of ionospheric 
current systems of this sort is usually deduced from an interpretation of 
magnetograms obtained at points on the earth’s surface situated beneath 
the current system under observation.) 

Imtrumen tation 

The deployment of transmitting and receiving stations used in these 
experiments is shown in Fig. 2, together with the magnetic isoclines. 
Figure 3 is a schematic diagram of various antenna beam intersections in 
the vertical plane. 'Fhree of these scatter paths among those illustrated 
were for studies of radio wave scattering in the E-region of the equatorial 
ionosphere. ’Fhese studies were conducted by means of transmissions from 
Arequipa, Peru (16"44'S, 7r53'W) to Trujillo, Peru (8°6\S, 79°5'W), from 
Antofagasta, Chile (23“44'S, 70‘’15'W) to Huancayo, Peru, and from Huan¬ 
cayo to Guayaquil, Ecuador (2°36'S, 8(P24'W). These paths are henceforth 
referred to as the “basic”, “southern” and “northern” paths, respectively. 
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40»H. 



Fig. 2. The deployment of lOY forward scatter stations in South 
America relative to the magnetic isoclines. 



Fig. 3. Schematic diagram of the vertical cross-sections of antenna 
beam intersections along the west coast of South America, indicating 
the propagation paths referred to in this paper. (This figure does not 

preserve angles.) 
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A description of the design and instrumentation of these experiments has been 
published (Bowles and Cohen 1957). Research regarding ionospheric scatter¬ 
ing^ in the equatorial jP-region has been reported separately (Cohen and 
Bowles 1961). 

The technique used in the oblique scatter experiments was to transmit a 
steady ‘‘continuous wave*’ (CW) signal and to monitor the variation in 
amplitude of the signal received at a certain distance from the transmitter, 
usually about 1300 km. The transmitting and receiving antennas were 
designed, as in previous experiments of this kind (Bailey, Bateman and 
Kirby 1955) so as to intersect in the 80 km region. Thus, the temporal 
variations of the received signal could be related to changes in the propa¬ 
gating medium within the ionospheric volume defined by the antenna 
beam intersection. Some idea as to the extent of this volume for the several 
paths can be gleaned from Fig. 4, which is a diagram of cross-sections 



Fig. 4. The approximate loci of antenna beam intersections computed 
for the height (in kilometers) adjacent to each locus for the portions 
of ionosphere observed on the three propagation paths, ("ralara, 
Chiclayo, Chimbote and La Pass arc the locations of other ionosondes.) 
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obtained by passing horizontal surfaces through the antenna-beam inter¬ 
sections. The contours are the loci of points in the product antenna pattern 
that are 20 db weaker than the maximum “product-beam” sensitivity. 
The ionospheric regions under observation are centered at magnetic dips 
of about 8°N, 1°N, and 8°S, and are concentrated around 85 km in height, 
with an upper cutoff height or “ceiling” of about 120 km. This latitudinal 
separation of the ionospheric regions being studied enabled some delimita¬ 
tion of the extent of the equatorial scattering effects and provided some 
idea as to the symmetry about the magnetic equator of the electron- 
irregularity strength. 

The basic scatter path, as well as the other two paths referred to above, 
were almost identical in length and instrumentation to similar forward 
scatter circuits studied earlier (Bailey, Bateman and Kirby 1955) in tem¬ 
perate and arctic latitudes. (The transmitters were operated at frequencies 
near 50 Mc/s with about 3 kilowatts of power, and rhombic antennas were 
employed for both transmission and reception.) 

Signal Intensities 

The strength of the forward scatter signals obtained over these three 
paths in the equatorial region was considerably greater than that observed 
and utilized for communications in temperate latitudes. On the basic path, 
the minimum signal during most 24 hour periods was comparable to the 
maximum diurnal signal (usually attained at noon) observed in temperate 
latitudes. It was soon apparent that the scattering in the equatorial iono¬ 
sphere was usually arising from effects at heights in the ionosphere greater 
than the 85 km heights associated with the familiar turbulent scatter in 
temperate latitudes. However, at times when there was an appreciable 
weakening of the normally predominant equatorial scatter signals, the 
underlying signals scattered from the 85 km turbulent region were 
detectable. 

The observation that strong scatter propagation (which is established 
in this paper as due in the daytime to equatorial sporadic E) is supported 
by the jE'-region of the equatorial ionosphere suggests that a great natural 
resource for communications is potentially available to nations located in 
equatorial zones. This prqpagation is, however, usually characterized by 
fading rates higher than those observed for ionospheric scattering in 
temperate latitudes. 

Correlation with the Equatorial Electrojet 

A close relationship has frequently been noted during these oblique 
experiments between: (a) the magnetic manifestations of the equatorial 
electrojet current above Huancayo; (b) the occurrence on Huancayo iono- 
grams of equatorial sporadic E\ and (c) the intensity of scatter-propagated 
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5. A comparison of signal strength records over six South American scatter circuits on 15 December 
1957, along wth the record for similar transmissions from Havana, Illinois to Boulder, Colorado. 
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50 Mc/s signals. This correlation has been observed on all three paths 
under discussion here, indicating that the zone of F-region scattering 
effects associated with the equatorial electrojet extends at least 5“ of 
latitude north and south of the magnetic equator. 

Figure 5 consists of records for certain IGY scatter circuits during a 
representative 24 hour period, with the Havana, Illinois Boulder, 
Colorado signal variation shown for comparison. On this date a simul¬ 
taneous modulation of all the equatorial scatter signals occurred from 0900 
to 1100 hours, and it correlated well with the variations of the horizontal 
component of the earth’s nnagnetic field as observed at Huancayo. The 
signal strength on the basic scatter path for a daytime period is compared 

with the magnetic field strength in Fig. 6. These correlations are discussed 
further in Part 2. 



Blanketing Eg 

There were frequent daytime occurrences on the north and south paths 
of strong scatter propagation similar to that associated with blanketing Eg 
at temperate latitudes. However, such occurrences were completely absen t 
on the basic scatter path. This means that there must be a zone in the 
immediate vicinity of the magnetic equator where the blanketing Eg 
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phenomenon does not occur. Recent studies (Matsushita 1962) may 
explain its absence, which has also been noted from an analysis of iono- 
grams (Knecht and McDuffie 1962). 

Diurnal and Latitudinal Effects 

Certain systematic characteristics of the portions of ionosphere under 
observation may be determined from hourly median signal-strength dis¬ 
tributions (of which Fig. 7 is a representative example) for the three 



Fig. 7. Diurnal hourly median signal strength distributions for the 
three F-region scatter paths for April, 1958. 

i?-scatter paths. For one thing, all three paths have minimum diurnal 
signal intensity at about 2000 hours local time. This minimum occurs 
rather uniformly during the period studied and is a familiar characteristic 
of ionospheric scatter circuits located in temperate latitudes. Signal 
strengths observed by scattering from E^-q c)n the basic path exhibit a 
tendency to decay quite smoothly just after sunset, but their growth in 
the morning is quite erratic by comparison. On the southern and northern 
paths there is a tendency for the nighttime signal strength to attain its 
diurnal maximum near midnight, while on the basic path, the signal 
strength generally displays a semi-maximum around midnight. ^There is a 
strong indication of asymmetry on comparing signal-strength statistics 
for the paths with midpoints north and south of the magnetic equator, in 
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that the scatter signal over the southern path is almost always considerably 
stronger than that over the northern path. There is intense and continuous 
propagation at night over all of these paths by scattering from varieties of 
sporadic-i? irregularities that are different from Eg-q and that are not 
readily apparent on normal ionograms. Further research on these kinds of 
Eg seems to be indicated. 

Height of the Irregularities 

During the course of the oblique scatter experiments, pulse measure- 
rnents were conducted over the basic path for a ten day period, with a 
view to establishing the relative height of the scattering medium. The 
reference for this determination was the minimum time delay at which 
meteors were observed, and this delay was assumed to correspond to a 
height of 90 km. Relative to this reference height, the daytime Es~q scatter- 
signal was interpreted as corresponding to heights ranging from. 90 to 
about 110 km. (Absolute scatter heights could not be obtained solely from 
these unidirectional pulse measurements, nor was there sufficient time- 
resolution to determine the thickness of the scattering layer.) 

Seasonal Effects 

From the nine months of statistical distributions available to date, it 
appears that the median noontime signal strengths were relatively inde- 
peiident of season to within 6 decibels on the basic and southern paths, 
while they tended to approach a peak in July on the northern path. 

SID Effects 

There is evidence in the equatorial data that sudden ionospheric dis¬ 
turbances (SID’s) produce increased absorption of the 50 Mc/s signals 
but do not enhance the strength of oblique scattering associated with 
sporadic E effects. (This is in contrast to the net enhancement of 50 Mc/s 
signals obtained at temperate latitudes during SID’s, which results from 
increased scattering due to an augmentation in strength of the ionospheric 
irregularities that more than compensates for the greater absorption.) 

2. The Association of Equatorial Sporadic E with 
THE Equatorial Electrojet 

Oblique Scatter Intensity compeared to Huancayo IMagnetograms 

As has been discussed in Part 1, earlier workers have noted an association 
of the critical frequencies of Eg-q and the intensity of the equatorial 
electrojet current stream, while in the oblique scatter experiments, a more 
quantitative relationship has been found between the current strength and 
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that of the oblique scatter signals. However, this latter relationship is not 
always in evidence and seems to be a variable function of the amplitude 
of the current (as measured by the horizontal magnetic field at Huancayo). 
It has been found that there is a high correlation between the intensity of 
the da 5 rtime* scatter signal and the horizontal component of magnetic field 
strength {H) over a certain range of values of H. The rough limits of this 
range of variation in H could be described physically as a threshold value 
and a saturation value. The threshold value, Ht^ is characterized by that 
value of H associated with the time at which Es-q propagation is first 
established in the morning, while the saturation value, Hgy is defined as 
the value of H beyond which there is no further correlation between H 
and the scatter signal intensity. 

In general, when there are daytime features common to the records 
from all three oblique scatter paths under discussion, corresponding 
features can be found on the Huancayo magnetogram. This correlation 
usually occurs at intermediate values of the diurnal range of H variation. 
On the other hand, when the magnetic field is fluctuating about relatively 
high values, its modulation characteristics are not found in the time varia¬ 
tion of the scatter signals. The fact that a correlation is present at moderate 
values of H but not at high values suggests that the electrojet current may 
be more uniform within the scattering volume at lower values of H than 
it is at higher values. Thus for high values of H, due to averaging over the 
large ionospheric volume within which the signal is being scattered, the 
total scattered signal strength would not be expected to vary appreciably 
with the H measured at Huancayo. However, on this explanation it would 
be expected that there should always be a good correlation if a sufficiently 
small portion of the electrojet above Huancayo were being examined with 
radio waves. 

Radar Echoes at SO Mcjs from the Es-q Irregularities 

That this is indeed the case is suggested by some observations taken at 
Huancayo during a period limited to about four hours on 17 March 1960. 
The amplitude of the radar echo at 49*96 Mc/s from the equatorial electro¬ 
jet region immediately above Huancayo was recorded, along with the 
variation of H. (The fact that a direct echo could be obtained at v.h.f. 
would suggest, as discussed in Part 3, that the concept of a “critical 
frequency” of Es-q at h.f. is not particularly meaningful.) For this period 
there was excellent correlation between the echo strength and the // field, 
as illustrated in Fig. 8. In view of this correlation during the entire interval 
for which observations of the two quantities were recorded, it is tempting 


*It has been pointed out (Giesecke 1959) that sometimes at night during magnetic 
disturbances there is a close correlation noticeable between the oblique scatter 
records and the jFf-field. 



A Study of Radio Wave Scattering from Sporadic E near the Equator 61 

!:o infer, pending further measurements of this kind, that there would 
always be such a correlation. 



OBOO 1000 NOON 1400 1600 1800 


Fig. 8. Correlation of the radar echo at Huancayo from the equatorial 
electrojet at 49-960 Mc/s with the Huancayo magnetogram; 17 March 
1960. The ordinates are nearly linear, in microvolts and gammas, 

respectively. 

interpretation of the Correlations 

These relationships have demonstrated the close identification of the Eg-q 
phenomenon with the equatorial electrojet. The equatorial sporadic-JS* 
'regularities are thus a manifestation of the electrojet current, much as 
-''aves are an aspect of the ocean. This identification is strengthened by 
adar measurements at Huancayo and by the oblique pulse observations, 
oth of which have established that the scatter echoes arise from the same 
eight region through which the electrojet is known to flow. 

Not only is there the indicated correlation of signal strength with H, 
lit also the band width of fading of the radio signals is often closely corre- 
tted with H. This is apparent both in the fading rate of the signal scattered 
ver the Arequipa —>■ Trujillo path and in the Doppler spread of the radar 
choes from Es-q above Huancayo. In fact, the fading rate of the oblique 
catter signal is usually more sensitively correlated with the magnetic field 
nan is the signal amplitude itself. 

It is interesting to examine the implications of these correlations, con- 
dered in conjunction with the radio measurement (cf. Part 3) of the 
slocity of flow of the irregularities. The intensity of scattered signal is 
resumed to be a function of the root-mean-square fluctuation (defined 
5 AiV) in electron density (iV), while the magnetic field variations (H—iTo), 
hich are a measure of the electrojet current strength (/), correspond to 
le product of the density of electrons and their effective velocity of 
□w (^>). Thus, if — Ho oc / oc Nv^ where Ho is a nighttime reference 
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level. There has been noted, a correlation of ® and as well as a correlation 
of AAT and H, and the above linear relationship exists between H and Nv. 
Furthermore, it is expected that AA/' is correlated with N, and possibly 
with V as well, both relations being consistent with the observations. 
Based upon further study and clarification of this family of cyclic relation¬ 
ships, and insofar as the velocity of the irregularities corresponds to the 
average velocity of the electrons in the equatorial electrojet, it may be 
possible by radio techniques to resolve the variation in current flow into 
its constituents, changes in velocity and/or charge density. 

Bifurcation of the Es-q Layer 

Another feature of the radar measurements (cf. Part 3) was an occa¬ 
sional bifurcation of the Ea-q echo. The normal echo occupied the range 
interval from 100-107 km or so, and gave rise upon bifurcation to two 
contiguous echo intervals, extending between about 96—102 km and 
s 102-108 km. This result is to be compared with some observations of the 
equatorial electrojet, using a magnetometer in a rocket (Cahill 1959), from 
which two layers were reported, extending between about 97-110 km and 
122-128 km. So far no direct radio evidence has been found for the 
existence of an upper scattering layer this high. 

3. On the Nature of Equatorial Sporadic E 

Characteristics of the Es-q Irregularities 

While the continuous-wave recordings obtained in the course of the 
IGY experiment revealed the presence of an intense scattering pheno¬ 
menon, effective at v.h.f., near the magnetic equator, these recordings 
provided little information regarding the actual nature of the scattering 
centers. During the CW recording program some short term experiments 
were conducted with spaced receiving antennas on the Arequipa —»■ Tru¬ 
jillo path in the same fashion described by Bailey, Bateman and Kirby 
(1955), in the hope of determining the dimensions and shape of the 
irregularities. 

In one of these experiments the receiving antennas were deployed along 
a line oriented normal to the great circle bearing of the transmission path. 
Simultaneous recordings were taken for pairs of dipoles at various separa¬ 
tions (ranging from one wavelength to twelve wavelengths) along this line. 
During the presence of equatorial sporadic-i^ irregularities above the path 
midpoint, an excellent correlation was often found between antennas 
separated by as much as twelve wavelengths, while at other times during 
the occurrence of this phenomenon, the correlation was poor for as little 
as three wavelengths separation. A complete explanation of these results 
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has yet to be found, but the high degree of correlation is partially explained 
on the basis of the large scale sizes of the irregularities observed in the 
radar experiments to be described. 

Field Alignment of the Es-q Irregularities 

Meanwhile, and also during the IGY, Egan of the Stanford University 
group was operating a fixed frequency backscatter equipment at Huancayo, 
in cooperation with the Instituto Geofisico de Huancayo. From the results 
of this program Egan (1960) concluded that in the equatorial E-region . 
there exist magnetic-field-aligned irregularities similar to those observed 
with the backscatter technique in the presence of auroral disturbances. 
(Egan’s results were obtained at oblique incidence at frequencies of about 
13, 18 and 30 Mc/s.) Following the IGY, the authors performed several 
brief experiments at Huancayo, using the C-4 equipment near 10 Mc/s in 
conjunction with a dipole-antenna array. Based upon split-lobe operation 
of this antenna it was confirmed that the Es-q irregularities are indeed 
magnetic field aligned. 

Radar Echoes at 50 Mcjs from the Es-q Irregularities 

Several additional experiments were conducted at that time, using rela¬ 
tively low-powered radar equipment at 50 Mc/s located near Huancayo 
and Lima, Peru, which are at the same magnetic latitude. It was found 
that direct scatter echoes of considerable intensity could be obtained at 
vertical incidence on a regular basis from irregularities at a height of about 
105 km, during periods when equatorial sporadic E was also observed on a 
conventional ionosonde. Consequently, experiments to determine the 
characteristics of the irregularities in the Es-q were carried out at 50 Mc/s, 
in view of the lower interference levels and the relative ease of handling 
antennas associated with that frequency compared to h.f. The parameters 
of the 50 Mc/s radar which obtained a 20 decibel signal-to-noise ratio 
were as follows: 


Peak transmitted power 
Pulse duration 
Receiver bandwidth 
Antenna 


5 kW 
100 sec 
10 kc/s 

Five-element Yagi, having a 
measured plane wave gain of 
9 decibels over an isotropic 
radiator. 


The experiments to be discussed were conducted using a variety of 
antenna configurations and other instrumentation, but with system sensi¬ 
tivities roughly comparable to that described above. Radar echoes were 
obtained from the equatorial electrojet from all points where a plane normal 
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to the earth’s magnetic field and passing through Huancayo intersects the 
105 km layer. At Huancayo this plane is almost vertical, and oriented in 
the east-west direction. For a given antenna gain, the strongest echoes 
were obtained at vertical incidence. After allowing for inverse distance 
attenuation, the scattering cross section of the Es-q layer was found to be 
approximately uniform at all angles of incidence. 

There is no doubt that these echoes are from irregularities directly 
associated with both the v.h.f. forward scatter propagation discussed in 
Part 1, and with equatorial sporadic E as observed on a conventional 
ionosonde. Both of these scattering phenomena have been closely identified 
with each other by the similarity of their time variations, as discussed in 
Part 2 above. 

Polarization of the Radar Echoes 

The polarization characteristics of the echoes were examined at vertical 
incidence at 50 Mc/s. The antenna polarization required to maximize the 
received echoes was always parallel to that of the transmitting antenna. 
The signal received on a cross-polarized antenna of the same gain was of 
the order of twenty decibels weaker, and one may infer that this weak 
signal was received due to imperfect polarization of the transmitting and 
receiving antennas. This behavior was observed independent of the relative 
orientation of the transmitting polarization and the Erection of the earth’s 
magnetic field. Similar polarization effects were exhibited throughout the 
equatorial sporadic E configuration on the C-4 ionogram^ when linearly 
polarized antennas were employed with the sounder. The lack of any 
ionospheric modification of the polarization transmitted implies that the 
scattering phenomenon does not involve magnetoionic cross-coupling, 
Faraday rotation or plasma resonance effects (Herlofson 1951). 

Increase in Ionosonde Sensitivity 

'Fhe antennas used with the C-4 ionosonde were simple log-periodic 
structures designed from data published by DuHamel and Berry (1958). 
In addition to the property of radiating and receiving linearly polarized 
signals, these antennas have an average design gain of about seven decibel 
relative to an isotropic radiator. 

Frequency Dependence of Ea-q Intensity 

It was found that when using parallel-polarized log-periodic antennas 
for both transmitting and receiving with the C-4, the En-q trace on the 
ionograms frequently extended to above 20 Mc/s. This compares with a 
maximum “critical frequency” of about 11 Mc/s realized when using the 
customary delta antennas in conjunction with the ionosonde. Figure 9 is a 
nearly simultaneous comparison of the traces obtained using the north- 
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(a) 1229 EST; north—south polarized log-periodic antenna for 

transmitting and receiving. 



f (Mfe/s) 


(b) 1230 EST; delta antenna for transmitting and receiving. 


Fig. 9. The Equatorial sporadic E* and ‘Equatorial slant sporadic 
E configuration observed at Huancayo with various antenna 

combinations on 19 April 1960. 
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(c) 1231 EST; east-west polarized log-periodic antenna for trans¬ 
mitting and receiving. 



(d) 1232 EST; oppositely polarized log-periodic antennas for 

transmitting and receiving. 


Eig. 9. The ‘Equatorial sporadic JS" and ‘Equatf)rial slant sporadic 
E* configuration observed at Huancayo with various antenna 

combinations on 19 April 1960. 
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south polarized log-periodic antennas, the delta antennas, the east—west 
polarized log-periodic antennas, and oppositely polarized log-periodic 
antennas for transmitting and receiving. These results and the observations 
of strong vertical-incidence echoes at 50 Mc/s make it apparent that the 
Es-q has no “critical frequency” (although this parameter is often utilized). 
Instead, E^’-q is a scattering phenomenon which probably exhibits some 
power-law dependence of scattering cross section upon the sounding fre¬ 
quency. Skinner and Wright (1962) obtained scattered powers at vertical 
incidence varying with frequency to the exponent —9*4. How much higher 
in frequency than 50 Mc/s the Es-q echoes are observable has not yet been 
determined, but it does not seem likely from the scattered powers observed 
at 50 Mc/s that the Skinner and Wright result could be applicable at 
frequencies much higher than their range of measurements, which extended 
from 4 to 8 Mc/s. 

Frequency Spectrum of the E$-q Echoes 

In addition to their aspect sensitivity, the 50 Mc/s echoes display a 
rapid fading reminiscent of auroral echoes obtained at that frequency 
(Bowles 1954; Nichols 1959; Bowles et al. 1960). The frequency spectrum 
of these echoes was measured with a panoramic spectrum analyser, not 
only at vertical incidence, but also at various oblique angles east and west 
of the vertical. The method of analysis was a combination of the techniques 
used by Bowles (1954) and of McNamara (1955). By pulsing the trans¬ 
mitter with a high duty factor, at a repetition frequency of approximately 
500 c/s, a spectrum was generated consisting of a number of carrier fre¬ 
quencies mutually displaced at multiples of the repetition frequency. As 
in a conventional radar, the echoes were received in the time interval 
between pulses. One of these carriers was chosen as a reference frequency 
for the spectrum analysis, and the echo frequency spectrum was then 
compared with this reference. The result of such a spectrum analysis is 
presented in Fig. 10, in which appear the echo spectrum at 30° east of the 
zenith, the transmitter frequency, and the echo spectrum at 30° west of 
the zenith. 

There is some variability in the width and characteristics of the echo 
spectra. In general, however, the spectrum at vertical incidence is sym¬ 
metrical and about 100 c/sec wide. Looking 30° off-vertical toward the 
east, the spectrum is ordinarily shifted upward in frequency by about 
125 c/s, and looking symmetrically toward the west, it is ordinarily shifted 
downward by an equal amount. This observation could presumably be 
interpreted as evidence of a horizontal drift of electron density irregularities 
from east to west at velocities of the order of 750 m/s. To check this inter¬ 
pretation, the spectra obtained at 30° west of the zenith were compared 
with those obtained at 60° west of the zenith. If the Doppler shift were due 
i.s.r-. -1 
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Fig. 10. Spectrum analysis of 49*960 Mc/s radar echoes from the 
equatorial electrojet at Huancayo on 14 March 1960. Top, 0934 
EST, looking 30° east from the vertical; center, reference spectrum 
at the transmitter frequency; bottom, 0936 EST, looking 30“ west 
from the vertical. (The frequency axis markers correspond to 

100 c/s.) 
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Fig. 11. Spectrum analysis of 49*960 Mc/s radar echoes from the 
|9^torial electrojet at Huancayo on 16 March 1960. Top, 1406 
looking 30 west from the vertical; bottom, 1412 EST, looking 
oO west from the vertical. (The frequency axis markers correspond 

to SO c/s.) 
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to a horizontal drift of the pattern of irregularities, the shift of frequency 
at 60® west would be in the ratio 0‘86/0*50 to that at 30® west of the zenith, 
this ratio relating the line of sight components of the horizontal velocity 
at the two angles. As is evident from a typical example as shown in Fig. 11, 
the observations were at variance with this hypothesis, in that the Doppler 
shifts obtained nearly simultaneously at the two zenith angles are essentially 
identical. 

Correlation of Signals received on Spaced Antennas along an East-West 

baseline 

This result suggested that the shift in frequency is not due to a simple 
horizontal drift of irregularities. Hence another series of experiments was 
performed to discover the reason for the unexpected Doppler shift be¬ 
havior. These experiments were based upon the technique of correlating 
the fading of signals received separately on spaced receiving antennas 
(Briggs and Spencer 1954). For each observation a cross-correlation co¬ 
efficient relating the fading for a pair of antennas was obtained by the 
method of scatter diagrams (Sugar 1954). Figure 12 is an example of the 
correlograms produced in this way. In the observation the receiving 
antennas were separated about ^ wavelength (2 meters) in the east-west 
direction. (These antennas were also separated about 2 wavelengths in the 
north-south direction for convenience, since it had previously been esta¬ 
blished that the correlation is essentially unity for Es-q echoes received 
with a north-south separation of that amount, and no corresponding east - 
west separation.) 

Figure 12b indicates a reference correlation of about 70% for the signal 
from a single antenna compared with the same signal delayed 1-6 msec. 
Figure 12a shows that the correlation is only about 50% when the sample 
from the east antenna was delayed relative to the west antenna by about 
1-6 msec, while Fig. 12c shows a similar result when the west antenna was 
delayed relative to the east antenna by the same amount. The left-hand 
portion of Fig. 12 was photographed when the narrow-beam transmitting 
antenna was concentrated within a 7° beam centered on the zenith. The 
right-hand portion of Fig. 12 was photographed when the narrow beam 
of the transmitting antenna was split into two 7® lobes, one at an angle 
of 30® west of the zenith, the other aimed symmetrically tow’ard the east. 
The receiving antennas were directed vertically in all cases. 

Analysis of the photographs of Fig. 12, as confirmed by similar analyses 
for other time delays, shows clearly that the right-hand scatter plots 
demonstrate the presence of an east~>west drift of the fading pattern, 
while the left-hand scatter plots do not show a drift. Had the fading been 
due to a single, irregular fading pattern, both sets of photographs would 
have yielded identical results. The equivalent drift velocity of about 
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(a~c) (a-f) 

Fig. 12. Statistical scatter diagrams for receiving dipoles spaced 
2 meters in the east—west direction at Huancayo, using radar echoes 
equatorial electrojet at 49*960 Mc/s on 14 March 1960 
The sequence ^otographs at the left is for vertical transmission, 
wi h Ca) 1040 EST, east antenna delayed 1*6 msecj (b) reference 
correlogram for the signal of one antenna delayed 1*6 msec and 
compared with the original signal; and (c) 1042 EST, west antenna 
delayed 1 'O msec. 1 he sequence of photographs on the right is for a 
spht-lobe transmitting antenna, with (d) 1051 EST, east antenna 
delayed 1 *6 msec; (e) reference correlogram for a delay of 1 *6 
msec (as in (b)); and (f) 1053 EST, west antenna delayed 1*6 msec. 


>0 m/s implied by the Doppler shift observed at oblique incidence sug- 
sts that there should be a delay of about 3 msec between the antennas 
this east—west separation. On the other hand, the width of the fading 
ectrum, which is of the order of 100 c/s, implies that the fading on a 
tgle antenna would be auto-correlated for a period of about 3*5 msec, 
lus the lack of evidence of a drift at vertical incidence using this method 
observation cannot be explained on the basis of a decay of correlation 
le to internal rearrangement of the fading pattern. 
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A Model for the Equatorial Sporadic-E Irregularities 

The authors and their collaborators (Bowles et al.y 1960) have sought 
to explain the apparent inconsistency of these two sets of experimental 
results in the following way: The structure of the irregularities must be 
such as to produce variable results as a function of the angle of incidence 
on the layer. A simple way of describing this is to say that the scattering 
centers viewed at one angle of incidence in the east-west plane differ in 
some way from the irregularities viewed at another angle. 

Therefore it is suggested that the commonly accepted model of thin, 
ellipsoidal field-aligned irregularities (Booker 1956) does not explain the 
observed echoes, since these irregularities would be isotropic in the east- 
west plane. A model consistent with the results described is one in which 
the irregularities are plane wave fronts, the wave normals of which are 
distributed in a plane normal to the magnetic field lines. While the model 
of irregularities having cylindrical symmetry is not specifically excluded, 
the motions and fluctuations in density of such irregularities would have 
to be correlated over distances large compared with a wavelength, as in 
the case of an angular spectrum of wavelike disturbances. The wave fronts 
are perhaps longitudinal plasma waves or hydromagnetic waves of electron 
density. The correlation distances of these wave fronts would have to be 
several hundred meters or more to account for the observations described. 
The authors are aware that plasma and hydromagnetic waves are likely to 
be highly damped in the ^-region of the ionosphere due to the high 
collisional frequency of the charged particles with the neutrals. *^rhe fact 
that such waves may be observed does not preclude the possibility that 
they are severely damped. The presence of a strong excitation mechanism, 
such as the flow of electric current in the equatorial electrojet, would very 
likely be a sufficient condition for the observation of these waves. 

Correlation of Signals received on Spaced Antennas along a North- South 
baseline 

An additional series of correlation measurements was taken along a 
north-south baseline. The antenna separation at 50 Mc/s required for a 
correlation of 1/e was of the order of 35 wavelengths. For a fixed separation 
of about 15 wavelengths, the percentage correlation varied with time 
between the limits of about 40% and 80%. Comparison of nearly simul¬ 
taneous spaced-receiver measurements at 50 and 21-8 Mc/s indicated that 
the correlation was identical at the two frequencies for the same antenna 
separation measured in wavelengths. 'Fhe degree of correlation between 
simultaneous measurements on spaced receivers is a direct measurement 
of the width of the angular spectrum of plane waves approaching the 
receiver, provided that certain simple conditions are met (Booker and 
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Clemmow 1950; Booker, Ratcliffe and Shinn 1950). Thus the measure¬ 
ments at 21-8 and 50 Mc/s indicate that the angular width of the echoing 
region, viewed in the north-south direction, is the same at both frequencies 
when measured nearly simultaneously (within one minute). This result 
would be consistent with the model of a power spectrum of irregularities, 
as in the case of scattering due to turbulent irregularities (Booker 1959), 
if the turbulent spectrum were proportional to some power of the exploring 
wavelength. However, the result is not consistent with the results of a 
second set of measurements along a north—south baseline. These measure¬ 
ments were made using a wide-spaced interferometer with a pulse resolu¬ 
tion of about 2 km. The results, which are to be described more fully 
elsewhere, suggest that the north—south correlation distance for the irregu¬ 
larities is of the order of one kilometer or more. The width of the north- 
south angular spectrum of the echoes is probably explained in terms of a 
distortion of the earth’s magnetic field in the vicinity of the equatorial 
electrojet due to the intense flow of electric current therein. 

Similarity between Es-g^ ond Auroral Echoes 

The v.h.f. echoes described in this section bear a striking resemblance 
to v.h.f. echoes from auroral jB-region ionization. Both classes of echoes 
occur at about the same height range of the ionosphere. Both have about 
the same bandwidth of fading and similar Doppler shift characteristics. 
Both kinds of echo exhibit an aspect sensitivity corresponding to the 
influence of the earth’s magnetic field, although in both instances strong 
echoes can be observed along propagation paths which are not precisely 
orthogonal to the lines of force of the main magnetic field of the earth. 
Strong currents are observed to flow horizontally, normal to the lines of 
force of the earth’s magnetic field, both at the magnetic equator and in 
auroral forms such as the homogeneous arc and rayed band. Because of 
these similarities it is tempting to infer that the conditions creating the 
irregularities responsible for radio wave scattering might be identical in 
origin and description in both cases. 

4. On the Nature of Equatorial Slant Sporadic E 

Description of the Equatorial Slant Sporadic-E Configuration 

For some years, observers have noted on ionograms for stations near 
the magnetic equator the prevalence of a slanted trace known as “equa¬ 
torial slant sporadic jE” or This is a daytime phenomenon and 

always occurs in association with equatorial sporadic E. Tl’he Es-s trace 
appears at about the critical frequency of the regular JE-layer trace and 
at a height of about 100 km, then gradually increases in height with 
increasing frequency, as illustrated in Fig. 1. The shape of the slanted trace 
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is approximately a straight line on the conventional ionograms, which have 
a presentation with a logarithmic frequency scale and a linear virtual 
height scale. (Actually, this trace has been demonstrated to be a straight 
line which would pass through the origin when plotted on linear frequency 
and virtual height coordinates (Agy reference in Smith and Knecht 1957).) 

Explanation of the Equatorial Slant Sporadic E Configuration 

The source of the equatorial slant sporadic ^-trace has not heretofore 
been explained. There has been some speculation that the trace could arise 
from a scattering layer located below the reflecting stratum in the £'-layer 
(Smith 1955; Smith and Knecht 1957). Several special ionograms have 
been analysed under the hypothesis that the equatorial slant sporadic E is 
attributable to echoes from the field-aligned irregularities of equatorial 
sporadic E^ located at a height of about 105 km, within the equatorial 
jE-layer. This assumption follows logically from the results discussed in 
the preceding sections of this paper. 

The ionograms in question were produced with a conventional Model 
C-4 ionosonde whose transmitter and receiver were sequentially connected 
to each of four selected antenna combinations during consecutive one 
minute sweeps. One antenna combination utilized the conventional delta 
antenna, as used with most C-4 ionosondes. The other modes involved 
linearly polarized log-periodic antenna structures polarized either in the 
north-south direction or in the east-west direction (DuHamel and Berry 
1958). It was possible to transmit on a north-south polarized antenna and 
receive on a north-south polarized antenna, transmit east-west and receive 
east-west, or to transmit either east-west or north-south, receiving on the 
oppositely polarized antenna. Compared with the delta antenna, the log- 
periodic antennas have a rather restricted beam pattern mainly concen¬ 
trated within a zone iSO® from the zenith, similar to the pattern of a 
three or four element Yagi antenna. 'Fhe east west polarized antenna is 
quite insensitive to radiation near the horizon in the east-west direction, 
since this represents propagation off the ends of the equivalent linearly 
polarized dipole antenna. The north south polarized antenna discriminates 
to a lesser degree against radiation in the east w’est direction but is quite 
insensitive near the horizon in the north - south direction. 

Field aligned echoes originating in the 105 km height region would 
appear at ranges greater than 105 km if they came from all angles of 
observation within the equatorial (east-west) plane. Accordingly, one 
should expect on this hypothesis to observe much better developed 
equatorial slant sporadic E on the north south polarized log-periodic 
antennas than on the east-west polarized log-periodics. As for the equa¬ 
torial sporadic-^' trace, there should be little or no equatorial slant 
sporadic E apparent on ionograms obtained using cross-polarization for 
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transmitting and receiving. These predictions are generally borne out at 
Huancayo, as illustrated in Fig. 9, a montage of four ionograms taken 
almost simultaneously using the four antenna configurations. 

Based upon the hypothesis stated, the authors interpret the well defined 
upper edge of the slant trace and the scatter echoes between that trace 
and the trace as arising by the following mechanism: The field-aligned 
irregularities in question must be located at a height slightly greater than 
that of the base of the regular JE'-layer coexisting over Huancayo, resulting 
in frequency-dependent delays produced by refraction in the lower-lying 
F-layer. This is because echoes due to scattering irregularities are obtained 
at a given frequency only if the waves penetrate the regular .ff-layer up to 
the scatterer. Assuming an antenna omnidirectional in the equatorial (east- 
west) plane, this penetration can be achieved, at that frequency, for all 
angles from the zenith down to a limiting or critical angle of incidence, 
below which the waves are totally reflected back toward the earth’s surface. 
At any given frequency, the range to the slanted trace is the limiting range 
attained for total reflection upon reaching the 105 km irregularities. As 
may be seen from the ionograms of Fig. 9, there are apparently echoes 
present at all ranges between 100 km and the maximum range of the 
equatorial slant sporadic E. (In this figure, comparison of the record 
obtained with the delta antennas with that for the north-south polarized 
log-periodic antennas suggests that the lack of echo intensity between the 
Es-q and Es-s traces when using the delta antennas probably results from 
the difference in the radiation patterns of the antennas.) 

If there were indeed irregularities above the Es-q layer, the east-west 
polarization mode, which is constrained to observe nearly overhead at 
Huancayo, would exhibit scattering effects at ranges greater than those 
actually obtained. Consequently, the writers would question the interpre¬ 
tation (Egan 1960) that the slant Es traces on equatorial ionograms could 
indicate the presence of sporadic-jE irregularities in the 120 to 200 km 
height-region. Instead, it is suggested that the time delays associated with 
the equatorial slant sporadic-F' configuration are imparted due to re¬ 
fraction in the F-layer en route to Ea-q layer irregularities in the equatorial 
plane. By means of calculations of these time delays it is possible to 
synthesize ionograms reproducing many features of the equatorial sporadic 
F/equatorial slant sporadic E complex observed on Huancayo ionograms, 
and through this process to determine certain characteristics dt the regular 
equatorial F-layer and of the equatorial sporadic-F* layer (Cohen, Bowles 
and Calvert 1961). This treatment also accounts for the earlier observation 
that the Es-s trace is a straight line that would pass through the origin on 
a graphical presentation with linear frequency and virtual height coor¬ 
dinates. Finally, the fact that no partial Ea~s trace is ever observed in the 
absence of Eg-q suggests that the variations of current in the equatorial 
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electrojet are relatively coherent over distances of hundreds of kilometers 
along the magnetic equator. 


5. Conclusions 

Information has been obtained by radio techniques regarding irregulari¬ 
ties appearing in the .E-region of the equatorial ionosphere. Experimental 
evidence has been presented that: 

(1) These irregularities support strong oblique scatter propagation of 
50 Mc/s radio waves during both the daytime and nighttime. 

(2) The irregularities are at a height of about 100 km. 

(3) There is an asymmetry in the scatter effects about the magnetic 
equator along the 75th meridian, with irregularities of greater 

^ strength occurring to the south. 

(4) During a year of scatter observations, daytime blanketing sporadic-E" 
irregularities occurred at latitudes to either side of the magnetic 
equator, but were not present in its immediate vicinity. 

(5) The equatorial sporadic-jE configuration on equatorial ionograms is 
produced by irregularities in the equatorial electrojet. 

(6) The electrojet irregularities occur in a layer extending from about 
100 to 107 km in height, which bifurcates into two layers from time 
to time. 

(7) Radio techniques for observing the electrojet offer a possible means 
for resolving changes in this current into their charge and velocity 
constituents. 

(8) The equatorial sporadic-J? irregularities are plane wave fronts 
parallel to the magnetic lines of force, drifting westward with wave 
normals at various angles in the equatorial plane. 

(9) These irregularities are at least 200 meters in length, measured along 
the magnetic field lines, with at least one transverse dimension of 
the order of 6 meters or less. 

(10) The concept of a “critical frequency” of equatorial sporadic K has 
little significance. 

(11) The “equatorial slant sporadic-E” configuration is really another 
manifestation of the “equatorial .sporadic-E” irregularities, and 
results from echoes in the equatorial plane. 
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sporadic E as Observed with Rockets 

J. Carl Seddon 

Goddard Space Flight Center, Greenbelt, Maryland, U.S.A. 


Abstract—Data concerning sporadic E obtained with rockets flown over New 
Mexico, U.S.A. and Manitoba, Canada have always shown the sporadic-^' layer 
to be a thin layer with a large electron density gradient. The vertical electron 
density profiles and the horizontal uniformity of the sporadic-F layer are discussed. 
These layers have a strong tendency to form at preferential altitudes separated by 
approximately 6 kilometers and a striking correlation exists with wind-shears and 
magnetic field variations. In two cases where comparisons with ionograms were 
possible, it was found that the minimum frequency of the F-region echoes was 
approximately equal to the plasma frequency of the sporadic-F layer reduced by 
one-half the gyro frequency. On the other hand, the maximum frequency of the 
sporadic-F echoes as noted on ionograms was sometimes as much as 1 to 2 mega¬ 
cycles greater than the plasma frequency. 

Although sporadic E has been intensively studied all over the world for 
the past two decades, it is one of the most difficult of ionospheric pheno¬ 
mena to explain on theoretical grounds. Beginning in 1946, the sounding 
rocket has provided a new means of making measurements. The most 
accurate measurements of sporadic E to date have been by means of a radio 
propagation technique devised by Seddon (1953). Two CW harmonic 
frequencies (either 4-27 or 7*75 Mc/s and the 6th harmonic) were radiated 
from the rocket to ground stations nearly underneath the rocket where the 
lower frequency was frequency-multiplied by a factor of six and mixed 
with the higher frequency. The result obtained is simply a constant voltage 
unless the rocket traverses a medium containing free electrons, whereupon 
a low frequency variation of the output voltage is obtained, the frequency 
of which depends upon the radio frequencies, rocket velocity and electron 
density. Certain assumptions are necessary, the most important of which 
are (1) the angle of arrival of the signals does not change; (2) there is no 
time variation of electron density along the propagation path; and (3) the 
index of refraction of the medium in the vicinity of the rocket does not 
change rapidly in a distance of X/lrr where A is the vacuum wave length. 
Both magneto-ionic components of the lower frequency are utilized which 
provide a check on the results obtained. 

Except during radio black-out conditions, the ground ionograms taken 
during the time of all but one of the flights during these experiments 
showed aporadic-F reflections to be present. On one of the flights under 
Iilack-out conditions, sporadic E would probably have been present if the 
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ionogram could have shown it. Nine flights made measurements of 
sporadic E, but three flights were not detailed enough to provide much 
information. Two of these three flights resulted in signal loss because the 
plasma frequency of the sporadic E considerably exceeded the lower fre¬ 
quency used. Poor rocket attitude on the other flight caused the data to 
be discontinuous and not as accurate as usual. The remaining six flights, 
however, provided information not attainable by other means. Of these 
six flights, three were flown over New Mexico and the other three were 
flown over Ft. Churchill, Manitoba, Canada. 

1. Gradients 

In all cases, both over New Mexico and Ft. Churchill, Manitoba, 
Canada, it was found that the sporadic-^ reflections observed on the 
ionograms were due to thin, high-gradient electron density regions super¬ 
imposed upon the normal ionosphere profile. Within the accuracy of 
reading the ionogram records, the altitude of these layers was identical 
with that of the virtual height measured on the ionograms. In three out 
of six cases, the increase in electron density in these layers above a smooth 
profile was approximately 10 to 20 per cent. In one case, the increase was 
a factor of 2. The thickness of the layers in the jB-region varied from 500 
to 2000 meters. The electron density gradients of these thin layers are 
amazingly large, being in general about 10® to 10® el/cm®/km. The iono¬ 
grams showed constant-height reflections up to frequencies 2 Mc/s greater 
than the plasma frequency of the thin layer. This is not unreasonable, for 
if one assumes that the layer has a boundary that is sharp with respect to 
the radio wavelength, the extraordinary ray 2 Mc/s higher than the plasma 
frequency has a reflection coefficient of about 5 per cent. The highest- 
frequency Eg echo noted during a rocket flight was 8 Mc/s. 

2. Uniformity of the Eg Layer 

One question which has remained unanswered is whether the sporadic-F" 
layer is uniform in electron density or whether it consists of many pancake¬ 
shaped high-density clouds. The rocket data have indicated consistently 
that the whole sporadic-jB region remains uniformly enhanced in density 
throughout. If one examines the ionograms taken at the same time at a 
station 10 to 80 km distant horizontally, one finds that the minimum 
frequency of the F-region reflections increased by one-half the gyro- 
frequency agrees fairly closely with the plasma frequency measured by 
the rocket in the sporadic-F region. An excellent example. of this was 
described by Jackson and Seddon (1958) for the flight of Aerobee-50. The 
penetration frequency was 5 Mc/s which agreed with the electron density 
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at the rocket within 17 to 30 per cent. The 17 per cent value would apply 
if the penetrating ray was the Z-mode, and the 30 per cent value if it were 
the ordinary ray. 

A previous flight over New Mexico (Seddon 1954a) showed that the 
signal from the rocket immersed in an electron density whose plasma 
frequency was greater than that of the radiation frequency (but by an 
amount less than one-half the gyrofrequency) was able to transmit the 
signal to the ground by way of the Z-mode. Additional evidence was also 
afforded by the presence of a reflected ray from the bottom of the 
sporadic-JE* region when the rocket was below it. These reflections occurred 
immediately upon penetration of the sporadic-JE region on the descent and 
during the period of the remainder of the descent. By geometry, it was 
computed that the reflection point must have moved 20 km horizontally 
along the bottom of the layer. During this time there was a small variation 
in amplitude but never any cessation of the reflected signal. Further, due 
to differential refraction, the ordinary and extraordinary rays would have a 
horizontal separation at the bottom of the JE-region up to 1 km during 
the rocket descent. If, then, there were clouds of 1 km or so vertical thick¬ 
ness present in this layer with lower electron densities between them, 
there would have been a substantial difference in the computed electron 
density around the rocket using the two magneto-ionic components due 
to the different electrical path lengths. There seems to be no definite 
evidence that this was happening. A possible explanation could be, how¬ 
ever, that there were numerous small clouds very close together which 
would thus tend to average out this sort of effect and thus maintain the 
agreement between the two magneto-ionic component results. 

Still further evidence of the approximate continuity of the ionization 
can be found in the V-2 flight of January 22, 1948 (Seddon 1953). The 
4*274 Mc/s signal abruptly disappeared at 100 km altitude. For the re¬ 
mainder of the flight, there were only five short occasions when a very 
weak signal could be detected. These signals were received only during a 
few seconds of the time the rocket was above the layer (about 4 minutes). 
These signals could have been due to a modest decrease in the electron 
density in the layer which apparently has a plasma frequency slightly 
greater than the signal frequency. Comparison with measurements made 
on the ascent could not he made because of the fact that the rocket record 
was very irregular at this time, due apparently to rocket out-gassing. 'I’his 
situation has been considerably improved in recent rockets by using pro¬ 
pellant shut-off valves. However, an interesting comparison can be made 
with measurements made by a probe technique over Australia, as reported 
by Massey (1958). Figure 1 shows the similarity between sporadic E over 
New Mexico at midday with that over Australia at night. The difference 
in altitude is only about J km. 
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ELECTRON DENSITY (10® EL/CC) 

Fi|T, 1. Comparison of sporadic E at noon over New Mexico, XJ.S.A. 
with that over Woomera, Australia at midnight. 
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Fig. 2. lonogram and electron density profile for a night flight over 

Ft. Churchill, Manitoba, Canada. 
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Figure 2 shows the data obtained from a rocket flight at Ft. Churchill, 
Canada at night, along with the corresponding ionograms. The grid placed 
over the ionogram at the ionosphere station is incorrectly placed. It is 
nearly 10 km too low. This could be verified from other ionograms where 
multiple echoes were present. The electron density was quite low up to 
an altitude of about 170 km with no trace of an F-region except for sporadic 
layers. The critical frequency of the lo^vest layer was approximately 1^ 
Mc/s, but the ionogram shows.sporadic echoes,up to 3^ Mc/s at this same 
altitude. The rocket data (Fig. 3) showed the layer to have a high electron 



SPORADIC-E FEB 4,1958 0018 HOURS CST 
IGY ROCKET NN3.IIF FT CHURCHILL, CANADA 

Fix. 3. Detailed profile of .sporadic K over Ft. Churchill. 


density gradient. 'I’his is the only case ever observed with rockets where 
the electron density gradient was much higher on the topside of the layer. 
Here a change in electron density occurred from 25,()()() el/cm^ to 5000 
el/crn*^ in a vertical distance of not more than 80 meters. 'Fhc thickness of 
the layer is about 2 km. T'hc 129 km echoes came from a layer 600 m thick 
with a maximum density less than that of the lowest layer, 'i'he echoes 
from the lowest layer were persistent hut the higher altitude echoes showed 
con»tderal>le variahility, sometimes disappearing entirely. When the rocket 
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descended through the lowest layer, the gradient on the topside of the 
layer had decreased considerably. Thus the data indicate that this night¬ 
time ionosphere consisted of maximum ionization between 90 and 160 km 
of the order of a very few thousand electrons per cubic centimeter except 
for more dense layers at intervals which in one case reached 25,000 el/cm^. 
These superimposed layers vary a little in electron density with time but 
their gradients vary considerably and rapidly, at times reaching values 
unbelievably high. When the gradients become high, sporadic echoes are 
evident on the ground ionogram. At times the ionograms showed sporadic 
echoes at five different levels between 100 and 170 km. The ionosonde was 
located more than 30 km distant horizontally, so that the sporadic layers 
covered at least this distance. However, the rocket data showed a very 
large gradient at 200 km which persisted while the rocket travelled 12 km 
horizontally, then abruptly disappeared. Assuming that this gradient was 
due to a motionless cloud, the dimensions thus were about 12 km in extent. 
Although the gradient was so large that the 7*75 Mc/s signal decrease due 
to the partial reflection was greater than 20 db, the ionosonde does not 
show sporadic echoes from this altitude. Therefore, it seems that this was 
actually a cloud of dimensions less than 30 km that did not pass over the 
ionosonde and is probably associated with spread F. These observations 
are in agreement with the results reported by Prenatt (1960). At higher 
altitudes, other large gradients were observed of small horizontal extent 
which also did not show on the ionograms. 

3. Height Preference 

It was first noted by Helliwell and later by Pfister (1958) that there is a 
strong tendency for the sporadic-J? layers to occur at certain specific 
altitudes and that, while these altitudes may show some variations, the 
difference in the altitudes of the sporadic-.B layers is remarkably constant 
at a value of approximately 6 km. Table 1 shows the altitudes at which 
sporadic-E" gradients were noted on the rocket records. The ionograms 
showed the usual sporadic-jB echoes at these same altitudes. The altitudes 
thus seem to be near 100, 105, 111, 117 and 129 km. Pfister, using his 
rocket-borne pulse delay experiment, noted gradients at 94, 106, 112, 118, 
and 128 km. Careful scaling of the small graphs published by Gringauz 
(1958), (Fig. 4) shows high gradients at 101, 106, 109, 122, and 128 km. 
Examination of the Viking 10 results by Seddon, Pickar and Jackson 
(1954b) also show gradients at 142, 153 and 184 km. The difference be¬ 
tween these altitudes and the 129 km altitude (the highest shown in 
Table 1), shows a difference of 13, 23, and 55 km. These differences are 
all close to multiples of 6 kilometers. 

Observations by Millman (1959) on meteor trails has shown strong 
wind-shears to exist with an altitude separation of 6 km. Greenhow and 
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Table 1—^Altitudes of high electron.density gradients 


Rocket 

Date 

Launch 

Time 

(hrs.-LMT) 

Place 

Altitude in Km. 

V-2 No. 34 

Jan. 22, ’48 

1314 

WSPG, 

N.M. 

100 





Viking S 

Nov. 21, ’50 

1018 

WSPG, 

N.M. 



109 



Viking 10 

May 7, ’54 

lOOO 

* 

WSPG, 

N.M. 

100 

105 

112 


129 

Aerobee-Hi 

NRL-50 

June 29, ’56 

1209 

WSPG, 

N.M. 

101 



117 


Aerobee-Hi 

IGY NN3.08F 

July 4, ’57 

1216 

Ft. 

Chur¬ 

chill 


105 



- 

Aerobee-Hi 

IGYNN3.10F 

Feb. 3 ’58 

1202 

Ft. 

Chur¬ 

chill 



110 



Aerobee-Hi 

IGYNNS.llF 

Feb. 4, ’58 

0017 

Ft. 

Chur¬ 

chill 

98 




129 


Neufcld (1959) have also found from meteor studies that the vertical 
extent of irregularities is 6 km with a horizontal extent of lOQ to 200 km. 
Observations of rocket vapor trails and artificially-generated sodium clouds 
(Blamont 1959; Manring, Bedinger, Pettit and Moore 1959) frequently 
show a 6 km diflFerence between wind currents, and the altitudes at which 
the wind gradients are the largest occur at these same altitudes in the 
JF-region. Recent data by Manring, Bedinger, Knaflich and Lynch (1961) 
shows that large wind-shears at altitudes of 92, 100, 107, 110, 115 and 
130 km. There thus seems to be a strong suspicion that the high electron 
density gradients are associated with wind-shear. This condition has been 
examined theoretically hy Whitehead (1961). 

Accurate but unpublished measurements of the earth’s magnetic field 
utilizing a proton processional magnetometer over Ft. Churchill, Canada 
by Meredith, Davis, Heppner and Berg (1958) shows a number of maxima 
between 70 and 140 km. The average separation between the.se maxima is 
approximately 6*5 km. '^Fhc altitudes at which the magnetic field was a 
minimum correspond to the altitudes of sporadic E. 

Measurements of temperature in the /F-region are very difficult to make, 
but the pitot-static measurements of Ainsw'orth, Fox and Lagow (1961) 
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Fio. 4. Russian results using 0 , CW technique (From Dokl. Akad. 
Nauk. SSSR and Proc. Inst, of Radio Engrs. 1959). 


show definite minima at 73 and 92 km. At lower levels, between 30 and 
70 km, there are small variations in the temperature profile with approxi¬ 
mately 6 km separation between the peaks except for one case of 13 km 
separation. Ainsworth (1961) found that the vector wind gradient |d5J/d/i| 
had maxima at altitudes of 81, 87, 96, 103, 108, 113, 121, 126 and 131 km. 
The average difference is 6*25 km with an average deviation from the 
mean of. 1-2 km. The data of Stroud, Nordberg, Bandeen, Bartman and 
Titus (1960) also show similar variations between 30 and 70 km. Many of 
these variations can be seen in their published results even though they 
have averaged their data, Gallet (1955) has considered the possibility that 
sporadic E may be associated with meteorological turbulence. His calcu¬ 
lations, based upon the never-observed Chapman JE'-layer electron density 
distribution, shows that an increase in electron density gradient is possible 
one scale height below and one scale height above the maximum density of 
this -E-layer. I'his separation of two scale heights exceeds the 6 km separa¬ 
tion by a factor of slightly more than two. Further, it is difficult to see how 
this mechanism can account for separate, distinct layers of ionization as 
observed at night where these layers have a maximum electron density 5 
times greater than a more or less constant electron density throughout the 
E-region. Wind-shear seems a more likely mechanism. 
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4. Gradients in Electron Density 

Rockets carrying the CW propagation experiment have penetrated 13 
sporadic-J? layers with an electron density gradient large enough to cause 
echoes to show on the ground ionograms. On only one flight (Seddon, 
Pickar and Jackson 1954b) (Viking 10) were the gradients measured on 
both the ascent and descent of the rocket. On this flight, two gradients 
were found on both ascent and descent to be at the same level but two 
additional gradients developed during the rocket flight, which therefore 
showed only on the descent. They appeared on the proper ionogram. In 
all cases except three, the layer densities were less than 25 per cent above 
that of a smooth profile. The three remaining cases were those where a 
large increase in electron density occurred in the layer. In two cases, the 
minimum frequency of the jP-region echoes was appreciably above the 
gyrofrequency and this minimum frequency, measured 30 km and more 
distant, was close to the plasma frequency of the sporadic- jE layer reduced 
by one-half the gyrofrequency. In the other case, no check was possible 
due to high absorption near and below the gyrofrequency. In all three of 
these later flights, the maximum frequency of the sporadic-E echoes as 
noted on the ionograms was from 1 to 2 Mc/s greater than the plasma 
frequency. 


5. Comparison with the Pulse Technique 

The rocket data show a consistent picture of sporadic-.^ echoes being 
caused by high electron density gradients at the boundaries of thin hori¬ 
zontal layers of high density but with little evidence of an appreciable 
variation in electron density in a horizontal direction up to distances of 80 
or more km. Unfortunately, the data are not sufficiently numerous to 
state that sporadic E is never any different. Even though the results have 
been consistent thus far, doubt has been expressed regarding the accuracy 
of the measurements. Some of this doubt may have been encouraged by 
the results obtained using a different radio propagation technique involving 
the time delay of pulses transmitted between the rocket and the ground. 
In some cases, negative numbers of electrons were obtained at some alti¬ 
tudes. This result may possibly occur because of the way in which the 
data were taken. As the delay is measured to the leading edge of the 
ordinary pulse, an error is introduced if this first received pulse is not the 
ordinary magneto-ionic component. It has been found during measure¬ 
ments utilizing the CW technique that additional components are present 
in the received signal besides the usual magneto-ionic components. This 
is especially true between 100 and 130 km altitude. These components 
consist of one or two additional frequencies which, strangely enough, may 
at times exceed the amplitude of the magneto-ionic component. If the 
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apparent index of refraction is computed for eacli of these components, 
it is usually found that the indices of refraction of the additional com¬ 
ponents are larger than those of the magneto-ionic components, but this 
is not invariably true. If the electron density of the medium is then 
computed, it is found that agreement is obtained between one ordinary 
component and one extraordinary component, but there is no agreement 
between the others. Thus it would seem reasonable that, under these 
conditions, pulse transmission may result in several pulses being received 
at slightly different time intervals. As the apparent index of refraction of 
the undesired components are usually greater than those of the magneto¬ 
ionic components, this would result in too small a delay being measured 
at times. Thus the appearance of these additional components could cause 
a decrease in the total delay time, resulting in computed negative electron 
densities. 


6, Time Variation 

Another objection that has been raised to all radio propagation measure¬ 
ments is that the profile so obtained can be seriously in error because of 
either time variation of the ionosphere below the rocket, or due to inhomo- 
geneities in the ionosphere in a horizontal direction resulting in changes 
in the electron content along the propagation path as a result of the 
horizontal motion of the rocket. It is true that some error can be intro¬ 
duced by these mechanisms. However, two stations 10 km apart give data 
that agree within about 5 per cent. In addition, the ordinary and extra¬ 
ordinary components at each station are in similar agreeinent with each 
other. Still further, the computation of the virtual height at various fre¬ 
quencies shows good agreement with the ionograms taken at the same 
time. In order to account for the high electron densities in the sporadic- 
layer measured during the flight of Aerobee-50 where large electron den¬ 
sities were observed, one might consider the error introduced by having 
all the ionization between 75 and 100 km double in value in a period of 
sec, the transit time of the rocket through the layer. This extremely 
improbable situation is still a factor of about 5 below that needed to 
account for the observed results. In addition, it can be pointed out that 
even when these thin, high * gradient layers do not increase greatly in 
electron density, invariably sporadic echoes are found on the ionograms 
at these exact heights. The rocket results obtained thxis far on sporadic £ 
by the CW propagation technique simply cannot be explained by either 
time variation of electron density or by interception of irregularities due to 
the horizontal motion of the rocket. 
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Backscatter Observations of Sporadic E 

R. D. Egan and A. M. Peterson 

Radioscience Laboratory, Stanford University, Stanford, 

California, U.S.A. 

Abstract—Backscatter sounding of the ionosphere provides infornnation on the 
growth, drift and appearance of sporadic-i? clouds over a wide region about the 
sounding station. Sweep-frequency backscatter sounding has been especially 
useful for observing certain types of auroral forms of sporadic E, while the fixed- 
frequency, swept-azimuth backscatter sounder has provided valuable information 
on sporadic-E characteristics at temperate and equatorial latitudes. Observations 
near the magnetic equator have revealed the presence of field-aligned irregularities 
in the E-region which are responsible for the equatorial type of sporadic E. Tem¬ 
perate latitude observations have shown that there is a marked difference in the 
amount of sporadic E observed over water and over land at a coastal observing 
station. In addition to these effects, sporadic-E drift motions as well as other 
observations (by backscatter techniques) made during the International Geophysical 
Year are summarized. 


1. Introduction 

Backscatter sounding of the ionosphere is an oblique pulsed radar 
method for the study of the regular layers, sporadic E, and a variety of 
irregularities which occur within the ionosphere. Whereas vertical inci¬ 
dence soundings record in considerable detail only those events occurring 
overhead, oblique backscatter sounding permits surveillance of a consider¬ 
able region of the ionosphere, from a single location, though in lesiser 
detail. Sporadic-E patches are regularly observed with backscatter sounders 
by virtue of ground backscattering. The appearance, growth, and drift of 
these patches can be studied in an area having a radius of roughly 1000 km 
about the observing station. 

A wide variety of sounders with markedly different characteristics have 
been used successfully for scatter sounding. Two distinct types of sounders 
have been developed; the “fixed-frequency” sounder and the “sweep- 
frequency” sounder. Fixed-frequency sounders have normally been oper¬ 
ated with transmissions at one or more fixed frequencies, making use of 
rotatable directive antenna systems and some suitable means of data 
display and recording. While a simple range-time or A-scope presentation 
will suffice when one is interested in measuring conditions over one par¬ 
ticular path, for most convenient display of conditions over a large number 
of paths a plan-position-indicator or PPI display is desirable. With a PPl 

8 <) 
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display, as the directive antenna is rotated, a range-azimuth polar plot is 
traced out on the cathode ray tube screen. This display can then be photo¬ 
graphed to provide a permanent record. 

Sweep-frequency sounders are similar in many respects to the familiar 
vertical-incidence sweep-frequency ionosphere recorder. Modifications to 
the antenna system and frequency sweep rates are generally required for 
successful backscatter sounding. In addition, longer pulses and narrower 
receiver bandwidths often prove useful. Sweep-frequency sounder data 
display is generally in the form of a raster scan of range-versus-frequency 
on a cathode ray tube, which may be photographed to provide a permanent 
record. 

Historically, backscatter echoes were first observed while monitoring 
high power transmissions at a short distance from the transmitter. Since 
1950, when it was shown by Dieminger (1951) and Peterson (1951) that 
backscattering occurred primarily at the ground and not in the jE-region, 
backscatter signals have been extensively studied. In particular, work has 
been carried out in the United States, England, Germany and Japan, with 
specialized equipment of both the fixed-frequency and sweep-frequency 
variety developed to facilitate ionospheric research. 

During the International Geophysical Year extensive oblique-incidence 
backscatter studies were carried out at thirteen widely separated stations 
by Stanford University with additional work of this type continuing at 
other centers in the United States, England, Germany and Japan. Back¬ 
scatter sounding efforts have also begun in Italy and Puerto Rico since the 
beginning of the I GY. While much of the above work deals primarily 
with jp-region propagation, sporadic-J? observations are scattered through¬ 
out the reports since both forms of propagation appear on the same records 
simultaneously. The jP- region propagated backscatter is, however, the most 
dominant feature of most backscatter records. 

2. Definition and Identification 

Proper identification of sporadic E on backscatter records requires con¬ 
siderable experience. In contrast to vertical-incidence observations 
which are rather easily interpreted for sporadic-^P identification, oblique 
observations of Es are often confused by a number of factors. Because of 
the height at which occurs, one-hop backscatter echoes are not obtained 
at ranges greater than about 2200 km. However, if the oblique sounding 
frequency is less than about two times the critical frequency of the F- 
region, then F-region propagated echoes will appear at ranges less than 
2000 km. In fixed-frequency soundings these F-region echoes may be 
mistaken for E^ or vice versa unless continuous observations are available 
so that hour by hour (or even minute by minute) trends may be observed. 
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Kqually serious is the obscuring effect that j^-region propagated echoes 
have on Es observations. When sounding near the critical-frequency the 
range interval out to 2000 km and beyond may be completely filled with 
2^-region propagated ground backscatter echoes. With oscilloscope intensity 
recording (e.g. PPI or range-time) all Es information is lost. If simul¬ 
taneous range-amplitude recordings are also available, Es may sometimes 
be seen through the /^-region propagated echoes. Sweep-frequency 
sounding materially reduces the problem of identification since the Es 
echo may frequently be traced through the jP-region propagated echo. 

Inasmuch as the normal definitions of Es are based primarily on their 
appearance on vertical ionograms (c.f. Smith 1957) it is necessary to group 
the oblique backscatter echoes into slightly diflferent classifications unless 
the echo can be positively identified with one of the vertical incidence 
types. A detailed examination of Es by oblique sweep-frequency sounding 
has not been done, although Silberstein (1953,1954) has commented on Es 
observed obliquely and vertically simultaneously and Bates (1960) has 
studied high latitude Eg. A much more comprehensive study has been 
possible with the IGY network of fixed-frequency oblique-incidence 
sounders (Peterson, Egan and Pratt 1959). Echoes observed on this equip¬ 
ment may be grouped into three catagories. At sub-auroral and auroral 
latitudes a type of Es is frequently observed on the PPI records which is 
definitely associated with auroral disturbances and will henceforth be 
called auroral Es. It is characterized on the oblique sounding records by a 
fine grained structure with smooth edges; in contrast to the patchy 
appearance of other sporadic-jP echoes, which suggests a scattering process 
for the reflection mechanism. 

A second type of oblique Es is seen near the magnetic equator. Sporadic E 
is an unfortunate term to apply to these echoes inasmuch as the echoes are 
produced by scattering within the .B-region and not at the ground, and 
the echoes appear on well over 90 per cent of the days. However, this 
oblique equatorial Es is directly related to the ^‘equatorial Es* seen on 
vertical sounders. 

The third category of oblique Es is a general grouping that is pre¬ 
dominant at temperate latitudes- In this latter category there is a marked 
seasonal variation with the maxiinum activity occurring during the summer 
months. 


3. iNTERPRETAnONT AND OBSERVATION HiMtITATIONS 

Originally it was thought that ionospherically propagated backscatter 
signals were due to backscattering in the B-region, However, Dieminger 
(1951) and Peterson (1951) have shown that backscattering usually occurs 
at the ground even in the case of/^-region propagated signals. Experimental 
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sweep-frequency backscatter measurements made by Silberstein in 1952 
and reported in 1954 indicated a number of instances where pulse signals 
were directly returned from sporadic-JS' patches during disturbed periods. 
However, in each of the cases reported, the ground backscatter echo was 
also readily apparent. An analysis of early Stanford backscatter records 
indicated that direct backscattering from sporadic-E" patches occurred in 
less than 10 per cent of the cases. Very few instances were identified when 
only direct backscatter was observed without ground backscatter also being 
apparent. 

As further proof of ground backscattering, a review of the tremendous 
mass of sporadic-£^ data acquired during the IGY by the thirteen fixed- 
frequency backscatter sounders reveals that the centroid of the sporadic-jE 
echoes observed on the PPI recordings tend to occur at a median slant 
range of about 1000 km. If the sporadic-jB propagated ground-backscatter 
mode is assumed, then these patches would be seen most frequently when 
they were at a range of about 500 km from the observing station. However, 
if backscattering is assumed to take place within the jE-region, then the Eg 
patches would be observed with the median range of 1000 km. The known 
vertical-plane antenna pattern of the IGYsounders is highly discriminatory 
against the latter case which requires a vertical take-off angle of about one 
degree. However, the Eg propagated ground-backscatter mode is such that 
the maximum radiation in the vertical plane passes through the jE'-region 
at a range of 300 to 500 km. Further study shows that the Eg patch occur¬ 
rence distribution in range is essentially a reproduction of the antenna 
pattern when proper adjustment is made for the secant-^ factor. Thus, it 
will be assumed for the discussion of temperate latitude sporadic E that 
backscattering does not occur in the JS'-region unless specifically noted. 
The small number of instances where backscattering does occur in the 
F-region will not materially affect the overall statistics. 

In contrast, however, most of the equatorial sporadic-F* observations 
and many of the auroral sporadic-jE" observations result from direct back- 
scattering from the ionosphere. 

The position and size of sporadic-jE patches that are recorded on an 
oblique backscatter sounder are strongly influenced by equipment para¬ 
meters, the state of the ionosphere, and geometrical ray path considerations. 
In particular, from purely geometrical considerations, the maximum range 
of £■-region (110 km) observation is limited by the earth curvature. This 
maximum range is approximately 1180 km to the F-region, or 2360 km 
range to the ground backscattering point. The minimum range would, of 
course, be the height of the region overhead. However, the 2 millisec 
pulses commonly utilized for the IGY sounders, and a maximum 1 millisec 
system recovery time following the transmitted pulse, limit the minimum 
range to 225 km to the F-region, or 450 km to the ground backscattering point. 
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The vertical directivity of the three element Yagi antennas further 
restricts the optimum range interval from about 250 km to 750 km in the 
jE'-region case, or 500 to 1500 km in the ground scattering case. 

Assuming a height of 110 km and that the classical “secant-^” relation 
between vertical-incidence critical frequency and oblique-incidence critical 
frequency is valid for sporadic E (cf. Wright and Gautier 1960); then an 
Es patch with a vertical-incidence critical frequency of 5 Mc/s may be 
observed at oblique incidence at 250 km on a frequency of 11-8 Mc/s. 
Table 1 lists some other typical values for comparison purposes. 

Table 1—Frequencies below which Es patches with given critical frequencies may 

be observed at various ranges. 

Range—km. 


foEs 

250 

500 

750 

3 

71 

11*6 

14*4 

5 

11-8 

19*3 

24*0 

7 

16-6 

27*0 

33*6 

9 

21-3 

34*8 

43*3 


An exception to the minimum range limit occurs when the patch is large 
enough to extend partially or completely around the PPI center—in which 
case the centroid of match may be estimated quite closely in to zero range 
(overhead). 

The apparent azimuthal extent of Es patches, when observed on PPI 
recordings, is the result of the convolution of the actual patch characteristics 
with the horizontal antenna pattern. The three-element Yagi used for the 
rotating antenna system in the IGY sounder has a beam width of approxi¬ 
mately 60 degrees to the half-power points or approximately 40 degrees to 
the half-power points when used for both transmitting and receiving. Thus, 
the usual echo will be at least 40 degrees wide in azimuth, but the centroid 
of the patch may still be determined quite accurately—a feature that 
is useful in studying Es motion. 

4. Auroral Es 

Using the fixed-frequency backscatter sounder technique at sub-auroral 
latitudes, sporadic-jE" echoes that are strongly correlated with magnetic 
activity and echoes from field aligned irregularities may frequently be seen 
to the north. A typical time sequence of echoes, at sub-auroral latitudes 
(Fig. 1) begins with the appearance of jE-region field-aligned echoes. These 
are followed, a short time later, by a ground scatter echo at twice the 
range—presumably the result ®f a formation of an Es patch in the jE-region 
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Fig. 1. Sequence of PPI photographs (18 Mc/s) illustrating the 
appearance of a field-aligned irregularity echo in the north (top of 
PPI*s) at 900 km and the subsequent appearance of an En propagated 
ground backscatter echo. June 3, 1960. 
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by corpuscular bombardment. Some time later, possibly minutes or hours, 
the field-aligned irregularity echoes will disappear, leaving only the 
sporadic-E" propagated ground-backscatter echo. This sporadic-i? patch 
may last for several hours beyond the cessation of the field-aligned irregu¬ 
larity echoes. The close relation between the field aligned irregularity 
echoes and Eg was graphically illustrated (Fig. 2) by an experiment per- 


Santa Barbara 
400km 
Oblique echo 


Vi 




18 19 20 21 22 23 24 01 02 03 04 05 06 07 

Time - R S.T, 

31 August 1955-1 September 1955 


Fig. 2. Plot of occurrence of J?-region field-aligned irregularity echo 
overhead at Stanford as seen from Santa Barbara, California, and 
Es critical frequency and numbers of multiples observed simul¬ 
taneously at Stanford. 

formed at Stanford (Leadabrand 1955). The j&-region overhead at Stanford 
was sounded with a vertical-incidence sounder and simultaneously with a 
backscatter radar approximately 400 km south of Stanford. 

This same type of Eg is also observed in the auroral zone, although the 
aspect-sensitive field-aligned irregularity echo may not always be observed 
because of geometry limitations between the observing radar and the 
magnetic field. 

At auroral latitudes, using the oblique sweep-frequency backscatter 
sounding technique. Bates (1960) has recently shown that auroral Eg (as 
observed on vertical sounders) is very likely the result of scattering from 
field-aligned irregularities — a possible mechanism suggested earlier by 
Smith (1957). At these high latitudes a perpendicular intersection between 
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the magnetic field lines and a line of sight from the observing radar is not 
always possible, even to the north. Therefore, a certain amount of iono¬ 
spheric refraction is required to cause the radio energy to be incident 
normally on the scattering irregularities. In contrast to the lower latitude Es, 
the auroral Es always emanates from the high frequency end of the normal 
vertical-incidence Es trace (Fig. 3). Bates describes the slanting portion of 
the echo as being a natural consequence of ‘‘least time focusing” of an 
oblique echo (such as described by Peterson (1951) and Dieminger (1951) 
for F-region propagated ground backscatter). At higher frequencies, the 
slanting portion may flatten out to essentially a constant range (approxi¬ 
mately 400 to 500 km at 15 to 20 Mc/s) which may be explained by aspect 
focusing. That is, the observing frequency is now sufficiently high that 
refraction in the layer is negligible and the echo is returned from a region 
where the angle between the line-of-sight and the earth’s magnetic field 
is a minimum. Simultaneous 41 Mc/s radar observations of auroral echoes 
appear to confirm this latter interpretation. 

The refraction required to provide the proper aspect angle relative to 
the magnetic field must be provided within the ^'-region, so it is not 
surprising that the slant Es traces are usually associated with retardation 
Est which Smith notes “has considerable thickness as evidenced by the 
observable retardation”. 


5. Equatorial Es 

Equatorial Es has been observed since the earliest automatic sweep- 
frequency vertical-incidence sounder was installed at Huancayo, Peru. 
Sporadic E is, perhaps, a misnomer for this particular class of echo, inas¬ 
much as it is by no means sporadic in occurrence — appearing regularly 
on over 95 per cent of the days. However, it certainly falls within the broad 
definition of “sporadic E” as proposed by E. K. Smith (1957), which 
specifically included a “scattering mechanism if such is active.” 

With the installation of the Stanford fixed-frequency backscatter sounder 
at Huancayo for the I GY, an anomalous echo appeared almost daily in 
the east and west directions. This echo was shown (Egan 1959) to be the 
result of backscattering from field-aligned irregularities in and above the 
E-region and which is referred to as equatorial scatter (EqS) by Egan. 

Figure 4 is a typical PPI picture of EqS echo on a frequency of 18 Mc/s 
at 1300 LMT. The EqS appears fan-shaped to the east and west, begins 
quite sharply at a range of 200 km and extends out to 400 to 600 km. The 
scattering mechanism is highly aspect-sensitive, with a maximum normal 
to the magnetic field. The range variation and the azimuthal variation are 
primarily determined by the height of the scattering region and the 
directivity of the antenna. 




Backscatter sounder PPI display showing equatorial scatter 
echo in the east and west observed at Huancayo, Peru at 1300 
LMT 23 July 1959. Range circles are at 100 km intervals. The wedge 
missing echo in the west is due to an incomplete antenna rotation 

during the picture time interval. 
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'I’he EqS echoes exhibit an interesting diurnal behavior that suggests 
an east to west movement of the scattering region coincident with the 
movement of the equatorial electrojet. The echoes appear first in the east 
in the morning and disappear to the west in the evening but always aligned 
closely along the dip equator. The scattering region is quite transparent, 
as can be seen in Fig. 5, where the F-region propagated ground backscatter 



Fig. 5. Long-range (compressed scale) PPI picture taken simul¬ 
taneously with the PPI of Fig. 4. The EqS echo is merged with the 
transmitted pulse at tihe center. The first-hop F-region propagated 
groimd-backscatter echo is seen at all azimuths and is not affected by 
the presence of the F-region irregularities. Range marks are at 

1000 km intervals. 


is not affected, and also is evidenced by the fact that ground backscatter 
has never been observed as a result of propagation by these irregularities. 
The echoes also exhibit a high fading rate characteristic of a scattering 
process, rather than layer reflection. 

Matsushita (1953) has shown that vertical drift forces are acting on the 
ionized region at the magnetic equator. The presence of irregularities is 
now known to exist, and Martyn (1959ab) has shown that any such irregu¬ 
larities on the under side of a vertically rising region are unstable. That 
is, they increase in magnitude with time. On the other hand, irregularities 
on the upper side are smoothed out. Conversely, when the region is moving 
vertically downward the conditions for stability are reversed—irregu¬ 
larities on the upper side are increased and those on the lower side are 
smoothed out. The upward drift force is due to the eastward flowing 
currents of the solar magnetic variation. Matsushita (1957) suggested that 
the Ea-q may be caused by this upward drift force and, consequently, that 
the occasional early disappearance of sporadic E is the result of a partial 
cancellation of the eastward current by a westward current due to the 
lunar magnetic variation. Recently, Knecht (1959) added further support 
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to this hypothesis, by showing a similar relation for the time of appearance 
of Es~g at Huancayo. Interestingly, this upward drift force reaches a 
maximum near noon (the peak of the electrojet current), which corresponds 
to the time of maximum intensity of both Es-q and EqS echoes. 

During the night the region is moving downward, smoothing out lower 
side irregularities and enhancing those on the upper side. As was pointed 
out by Martyn (1959ab), however, the gas pressure is lower on the upper 
side and the irregularities will be smoothed out relatively quickly by 
diffusion. This agrees well with the observations of Es~q, which is seen 
very infrequently at night (Thomas and Smith 1959), and which 

was never observed at night with the relatively low power (5 kW) I GY 
sounder. 

In summary, Egan suggested that the oblique incidence EqS echo is 
the result of irregularities in ionization which are aligned with the magnetic 
field and are present throughout the region in which the equatorial electro¬ 
jet is flowing. As a result of the upward vertical drift motion of the iono¬ 
sphere during the day, the field-aligned irregularities, which are observed 
directly by the oblique incidence sounder, are further enhanced as a result 
of the instability of these irregularities on the lower side of the vertically 
drifting region. The enhancement effect is strongest near the bottom of 
the region and produces the intense equatorial sporadic E which is observed 
on the vertical-incidence sounders. 

Recently, Bowles, Cohen, Ochs and Balsley (1960) have questioned the 
applicability of the usual model of thin ellipsoidal field-aligned irregularities 
(Booker 1956) and, instead, propose a model in which the irregularities 
are plane wave fronts with wave normals perpendicular to the magnetic 
field. They put forth this model to explain the equal Doppler shifts they 
apparently observed at 30 and 60 degrees from the vertical (with opposite 
signs in the east and west). 

6. Temperate Latitude Es 

Sporadic E at temperate latitudes is perhaps the most explored but least 
explained of all the sporadic-E types. At this time backscatter observations 
do not permit a distinction between the various types of Es seen on the 
vertical-incidence sweep-frequency sounder. The most comprehensive 
backscatter study of temperate latitude sporadic E has been done during 
the I GY. Eight of the Stanford fixed frequency backscatter sounders were 
located between latitudes of 20 and 50 degrees, including one in the 
southern hemisphere at Camden, Australia. Three of these stations (Stan¬ 
ford, Boulder and Pullman) wejre located to permit overlapping surveillance 
of the E-region—a situation which has proven exceptionally useful for the 
study of Es motion and also permits direct intercomparison of sporadic E 
on a synoptic geographical basis. 

I.S.E.—H 
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The appearance of sporadic E on the PPI scope of temperate-latitude 
fixed-frequency backscatter stations may assume any form within the 
limitations imposed by geometrical antenna pattern and Eg ionization 
density considerations. Figure 6 is an example of an intense Eg patch 



Fig. 6. PPI picture of Eg observed at Camden, Australia on 30 Mc/s 
1300 LMT 28 December 1958. Range marks are at 500 km intervals. 
One-hop F-layer propagated ground backscatter is seen in the 

north at 3500 km. 

observed to the southeast at Camden, Australia. An E$ patch which was 
observed simultaneously overhead at Stanford on the vertical-incidence 
sounder is illustrated in Fig. 7. The ionogram of Fig. 8 was taken simul¬ 
taneously with the backscatter record of Fig. 7. 

While a number of important contributions to the knowledge of sporadic 
E have been made by sweep-frequency backscatter observations, the total 
amount of record time of this type of equipment has been relatively 



Fig. 7. PPI picture of Eg observed at Stanford, California, on 18 Mc/s 
at 2100 DMT 12 June 1959. Range marks are at 500 km intervals. 
One-hop and two-hop F-layer propagated backscatter are seen in the 
south at 2000 and 3500 km respectively. 
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Fig. 8. lonogram taken at Stanford, California, simultaneously with 
the PPI of Fig. Ar. foEa is approximately lO’S Mc/s. 

limited by comparison with the tremendous amount of synoptic data avail¬ 
able from the IGY fixed-frequency (12, 18 and 30 Mc/s) backscatter 
sounder network. Consequently, much of the current statistics, both in 
time and in geographical location, must come from this IGY data. 

In addition to the previously discussed limitations on the observation 
of sporadic an additional factor is very important in the temperate 
latitudes, where jF-region critical frequencies reach their highest values. 
During the daytime hours and, in fact, well into the evening hours during 
the past three years, the jP-layer critical frequency was frequently above 
the 12 Mc/s backscatter frequency. When this condition occurs, the ranges 
at which Eg is normally observed are contaminated by P'-region propagated 
ground backscatter and sporadic-P patches can usually not be observed. 
Thus, sporadic-P information obtained on 12 Mc/s is severely limited. 
To a lesser extent, the 18 Mc/s frequency is similarly aifected. Diurnal 
occurrence statistics cannot be reliably obtained if the P-layer skip distance 
is 2000 km or less during the month. To a certain extent, the annual varia¬ 
tion of sporadic-P observations will also be influenced by the annual 
variation in /()P2. However, even with these possible limitations, it is 
encouraging to note that the seasonal and diurnal variations agree with 
vertical-incidence observations. To illustrate this agreement, the average 
minutes of the Eg echo per day, observed at Stanford and Camden, has 
been plotted for the period October 1957 to December 1958 (Fig. 9). The 
summer maximum of Eg occurrence is readily apparent at both stations. 
In addition, a secondary winter maximum is seen at Stanford which is 
due almost entirely to Eg occurring between the local hours of 1800 and 
2300, The Far East anomaly may also be seen in the relative Eg occurrence 
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between the Stanford summer maxima and the Camden summer maxima. 
A comparison between these two stations is especially interesting inasmuch 
as they are at very nearly the same geographic and geomagnetic latitudes; 
hence, any latitude effect should not be present, leaving only a hemisphere 
or longitude effect. In this case a longitude effect is known to exist which 
will explain the observed differences. 

An exceptionally complete set of oblique backscatter records of Es obser¬ 
vations has been obtained by Dueho (1960) at the University of Puerto 
Rico on 21*6 and 40*68 Mc/s. The results of his 21 Mc/s observations 
during a two and one-half year period are summarized in Fig. 10 where 
the usual summer maximum and secondary winter maximum may be seen. 
The evening maximum in diurnal occurrence observed at Puerto Rico 
(Dueno 1961) is quite similar to the evening maximum observed during 
the winter at Stanford. 

Knowing that the backscatter observations coincide with the vertical 
incidence sweep-frequency soundings, no further analysis of the temporal 
or geographical variations will be attempted, since statistics are available 
for vertical soundings (cf. Smith 1957) with more reliability unless the 
backscatter data are examined in extreme detail. 

Ejfect of Earth*s Surface Characteristics 

The backscatter sounding program has produced some extremely 
interesting results insofar as the variation of Es occurrence about particular 
stations is concerned. It has been noted for many years that Es activity 
was far more prevalent to the west of Stanford than to the east. Clark (1957) 
analyzed the backscatter records from 1953 through 1955 and obtained 
sporadic-^" patch occurrence figures in eight sectors about the station 
(Fig. 11). The preponderance of Ea occurrence over water once again 
raised the question as to whether there is a systematic difference between 
sporadic E over land and over water. Or, to extend the question further, 
perhaps even differences between mountainous regions and plains. 

An examination of the Stanford and Camden sporadio-£ observations 
reveals that at both stations Es occurs predominantly over water, even 
though the water lies to the east of Camden and to the west of Stanford. 
There is no apparent reason to expect this east-west effect to be a result 
of the northern and southern hemisphere locations of the stations. The 
over-water effect is so strong, that in the southern hemisphere heavy 
summer sporadic-jE months of December and January, the outline of the 
east and south coasts of Australia are reproduced in the backscatter data 
of January 1958 (Fig. 12). A similar effect is also seen in the Stanford data 
for April 1958 (Fig. 13). It is interesting that although Puerto Rico is 
essentially surrounded by water there is a marked preference for Es to occur 
in the southeast as seen in Professor Dueno’s data at 21 Mc/s (Dueno 1961). 
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Station: Stanford 

Dote; April I95S 

Event: Sporadic-E 

Range circles; lOOOkm, 2000km 

Fi^ 13. P(^arplot of the apparent centroid of the Es patches observed 
at Stanford, California, at ten minute intervals during April 1958 on 

12, 18 and 30 Mc/s. 

Analysis of the three station group (Stanford, Boulder and Pullman) has 
indicated definite groupings of sporadic-^ occurrence over mountainous 
regions, in addition to the preponderance of Es occurring over water as 
observed at coastal stations. In Fig. 14 the data for 18 Mc/s for the month 
of April 1958 are plotted on a common geographical map. It can be seen, 
that there is a definite preference for sporadic-i5^ occurrence over moun¬ 
tainous regions as compared with other less-mountainous regions. This 
effect cannot be explained by local site conditions (i.e. antenna screening 
by mountains or other obstructions). 

In the case of both over-water and over-mountain sporadic E, the 
question arises as to whether or not variations of the ground hackscatter 
coefficient might be the determining factor rather than actual occurrences 
of sporadic-!? patches. A recent study by the Stanford Research Institute 
(Nielson, Hagn, Rorden and Clark 1960) has shown that there is less than 
10 db difference in backscattered energy between average land and water 
except for very low angles (<10°) where the water hackscatter coefficient 
drops off very rapidly (Fig. 15). Tlherefore, it appears that the over-water 
effect is real and a search for possible mechanisms is due. As for the higher 
occurrence of sporadic E over mountainous regions, the picture is less 
clear. It is certainly conceivable that the average ground-backscatter co¬ 
efficient of mountainous regions is somewhat higher, simply because the 
angle of incidence is lower on the sides of mountains as compared to flat 
land. However, such possible mechanisms of sporadic-J? formation as the 
“internal atmospheric gravity waves”, proposed by Hines (1960) could be 
excited by wind systems over the Rocky Mountains. A simple multi-station 
single-frequency vertical sounder operated for a period of one year should 
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dtSinff Aortl loA at Patches as observed at 10 minute intervals 

Washington, Boulder, Colorado: and 
Stanford, Cahfomia. The symbols are as follows: Points—Stanford: 
oquares Boulder; and Crosses—Pullman. 



aegrees 


Fig. 15. Measured backscatter coefficient for smooth ice oermanent 
ice (rough), and desert as a function of angle of incidence. The smooth 
ice IS also representative of smooth ocean. 
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provide a definite answer to the mountainous region question. Site require¬ 
ments make such an experiment more difficult in the case of the water- 
land question. 


7. Drifting Eg 

While the majority of the Eg patches which are observed remain nearly 
stationary, some move in a consistent manner through large distances. At 
Stanford, in a study of three years of 17-3 Mc/s backscatter records, data 
on 2700 separate Es patches were obtained. Of this total, 264 patches 
(approximately 10 per cent) were found to move through significant 
distances. The mean patch-motion speed was 300 km per hour, and the 
direction of motion was predominately west. In 80 per cent of the cases 
the direction was within ±45 degrees of due west. Figure 16 shows a polar 



Fig. 16, Velocity vectors of drifting Eg patches. Vector origin is the 
mid point of the observed track and the vector length is proportioned 
to the drift velocity in the direction indicated. 


map, centered on Stanford, of the speed and direction of patqh drift 
observed during this study. The arrows indicate, by their length and 
direction, the speed and travel direction of the individual patches and the 
location on the map of the arrow is that of the mid-point of the path 
traversed by the drifting patches. 
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The network of IGY backscatter sounders has provided much new data 
on Es patch motion and in particular, the stations at Boulder, Colorado ; 
Stanford, California, and Pullman, Washington provided a regional 
coverage. Heybome and Clark (1960) in a report based on these data have 
investigated the motion of Es as viewed from more than one sounder. A 
number of cases were found in which similar characteristics were clearly 
apparent at separated stations. Figure 17 shows results of such an obser- 



Fig. 17. Map showing drifting Bs patch tracks as observed at 
Stanford, California and Pullman, "Washington on August 24, 1958. 

(After Heyboume and Clark) 

vation of Eg patch motion extending through an interval of more than 10 
hours and a distance greater than 2000 km. 

Preliminary examination of the Eg data from Camden, Australia appears 
to show that for this southern hemisphere station, patch motion is pre¬ 
dominately westward as it is at Stanford in the northern hemisphere. 
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sporadic E as Observed from Mayaguez, P. R. 
by Backscatter Sounders* 

B. Dxje5Jo 

Department of Electrical Engineering, University of Puerto Rico, Mayaguez, P.H. 


Abstract— Sporadic E has been studied in the Caribbean-Atlantic area by means 
of a multichannel backscatter sounder from January 1958 to 

found that Ea (sporadic E) activity increases very rapidly fmm May to June with 
the maxima occurring during June ^d July. During December and January 

there is a minor maximum, of activity. More Es was observed around *7 30 hours 
local time and in the due South direction than at any other time and direction. 
Those Eg clouds that were found to drift had a mean velocity of the order ot iilH) 
km per hour with a prevailing direction to the southeast. 


1. Introduction 

Sporadic-j& activity has been recorded at Mayaguez, P. R. (latitude 
18°12'25"N) using backscatter techniques, from January 1958 to May 
1960. Two channels, one on 2T6 Mc/s and another on 40'68 Mc/s were 
used during the entire period to record this data. In addition, data was 
obtained on 49-68 Mc/s from July 1959 to May 1960. Data were obtained 
continuously and were recorded at one minute intervals on 16 mm film. 


2. Instrumentation 

The peak pulse power output was approximately one kW on each of 

the three channels used, namely 21-6 Mc/s, 40*68 Mc/s, and 49-68 Mc/s, 

The pulse duration was approximately 2 millisec with a pulse repetition 

frequency of 18-75 p.p.s. The antennas were three-element Yagis mounted 

on a Bertha mast which rotated 360 degrees alternately in the clockwise 

and counterclockwise direction. 

« 

3. Method of Observation 

A range azimuth presentation was used in the scopes for displaying the 
data in two oscilloscopes, one for each channel. When the 49*68 Mc/s 
channel was added, its information was displayed on the 40*68 Mc/s scope 
on every third frame. 

One fundamental limitation of the backscatter radar is the amplification 
of the size of an echo in the azimuthal direction that results from the use 


* This research has been sponsored by the AFOSR (ARDC) under contract 
AF19(638)-172. 
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of antennas with wide horizontal beam widths. This situation grows worse 
if the critical frequency of the Es layer is high, say of the order of 8 to 
9 Mc/s and the frequency of operation is low enough. 

By the use of a multiple-channel backscatter radar it is possible to obtain 
more information about the direction and approximate size of a cloud 
which appears on a low-frequency channel as an overhead Es formation. 

Since the average slant distance of the Eg clouds observed in this experi¬ 
ment is of the order of 1200 km it can be easily shown (Smith 1957, Shear¬ 
man and Harwood 1960) that Es echoes on the 21*6, 40*68 and 49*68 Mc/s 
channels correspond to Es formations with critical frequencies equal to or 
greater than 4*3, 8 and 10 Mc/s respectively. Thus an Es echo that appears 
in all azimuthal directions on the 21*6 Mc/s channel and in the northeast 
quadrant on the 49*68 channel at a slant range of 1900 km can be inter¬ 
preted as an Es cloud whose maximum of ionization is to the northeast and 
whose dimension is possibly greater than 1900 km at the lowest frequency 
of observation. 



July 1959 


NWSEN 


40.68 


mcA 


NWSEN 



Fig, 1. Sample data for two days of intense Eh activity. 
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Figure 1 which illustrates this case, shows data from two days of intense 
Eg activity. On the 15th of July 1959 at 08 5’3 ^ir an echo is shown in the 
north-east direction. Simultaneously the 40-68 and 49-68 Mc/s channels 
show the echo to the northeast at a range of approximately 1500 km 
implying the foEs was 10 Mc/s or higher. For that same hour the vertical 
sounder at Ramey indicated an foEs of 4 Mc/s so that we may either infer 
a cloud of Es which at P. R. was not very strong but on the contrary very 
intense at slant range distance of 1500 km or else two separate clouds one 
intense, and the other weak overhead. On the other hand on the 16 of 
July 1959 at 08 00 hr the 21-6 Mc/s channel shows an overhead echo in 
all directions (foEs from the local vertical sounder was 6-7 Mc/s) while 
the 49-68 Mc/s channel shows an echo in the NE quadrant at a range of 
1900 km. The echo shown on the 40*68 Mc/s channel is intermediate 
between these two. It seems therefore logical to assume that here we are 
concerned with only one cloud whose most intense portion was 1900 km 
to the northeast and whose overall length was greater than 1900 km. 
Notice that at 09 00 hr the vertical frequency has increased to 12 Mc/s. 

Some peculiarities of the motion of Eg clouds is also brought out by 
Fig. 1. The 40 Mc/s channel shows astatic cloud from 15 58 hr to 16 57 hr 
on July 15 on the W-S quadrant. However from 16 57 hr to 17 57 hr the 
cloud moves from the W—S to S—E quadrant which represents a very large 
velocity of the order of 400 meters per sec. 

From 07 00 hr to 20 00 hr on the 16th the 50 Mc/s channel shows 
motion from NE quadrant at 08 00 to the south at 12 00 and back to the 
east by 19 00 hr. 

Since Eg echoes are power sensitive, their azimuthal extent decreases 
as the radio frequency of operation is increased. For this reason the 49*68 
Mc/s channel brings out the motion of the Eg clouds more clearly than 
the other two channels. 

4. Seasonal and Diurnal Variations of Eg Activity 

Examination of the Eg data on the three channels has revealed that the 
seasonal variation of occurrence is similar to that observed in the continental 
U.S, by Smith (1957) and by Gerson (1959). 

Figure 2 shows the seasonal trend of Eg obtained in this experiment. 
The vertical scale represents the monthly sum of occurrences in hours. 
The upper drawing is the plot for the 21-6 Mc/s channel from January 
1958 to April 1960. The lower drawing is the plot for the 40*68 Mc/s 
channel for the same period of time. The broken line represents the 
49*68 Mc/s data. 

From this figure it is observed that Eg activity increases very rapidly 
from May to June and that the maximum activity occurs during June and 
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Fig. 2 . Distributions of monthly hours of for the 21-6 Mc/s and 40-68 

Mc/s channels. Dotted curve shows 49-68 Mc/s data. 

July. There was more Es activity recorded during 1959 than during the 
preceding year. However, the receiving equipment was improved during 
the 1959 summer resulting in a substantial increase in sensitivity. For this 
reason the graph cannot be used to determine the ratio of Eg activity 
between these two years. ^ 

For the period of time studied it appears that November and March 
are months of minimum E, activity, and that during December and part 
of January there are minor maxima of activity. These winter maxima and 
the November and March minima are barely perceptible in the graphs 
by Smith (loc. cit. p. 197). 

Figure 2 also shows that 50 Mc/s Es activity as observed by backscatter 
IS solely confined to the summer. 
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Fig. 3. Es occurrences vs time of the day (40*68 Mc/s) for the year 

1958. 
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Fig. 5. Diurnal distribution of Eg occurrences on the 40-68 Mc/s 
channel for the years 1958 and 1959, and for the 49*68 Mc/s channel. 



Hour of the day 

Fig. 6. Diurnal distribution of Eg occurrences on the 21 -6 Mc/schannel 

for the years 1958 and 1959. 


I.S.E.—I 
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The diurnal variation of Es for the 40*68 Mc/s channel for the years 
1958 and 1959 are shown in Figs. 3 and 4. Plots similar to these were 
made for the 21*6 Mc/s and the 49*68 Mc/s channels. By summing the 
number of occurrences on each half-hour interval in these two figures a more 
clear representation of the diurnal variation can be obtained. This is 
shown in Fig. 5 for the 40*68 and 49*68 Mc/s channels and in Fig. 6 for 
the 2T6 Mc/s channel. From these figures it is obvious that more sporadic E 
is observed around 17 30 hr than on any other time during the day. In this 
respect the 1958 and 1959 data show remarkable agreement even for the 
21*6 Mc/s. These figures also show that there is more sporadic E during 
the hours before 17 00 than for the hours immediately after 17 00 hr. The 
49*68 Mc/s data also shows agreement with these statements. The wiggles 
displayed by the 49*68 Mc/s curve are obviously due to the limited amount 
of data available for this channel. Since the graphs shown in Figs. 3 and 4 
show little Es activity during December and January, Fig. 5 can be taken 
as representing the true behaviour of Es as observed at 40 and 50 Mc/s. 
On the other hand this is not necessarily true of Fig. 6. The hump at 
13 00 hr for the 21*6 Mc/s channel is indicative of a more complicated 
behaviour. For this channel, Fig. 7 shows the diurnal distribution of 



Hour of the day 

Fig. 7. Diurnal distribution of occurrences for June and July (curves 
I and II) and for December and January (Curves III and IV). 

All curves pertain to 21*6 Mc/s data. 

occurrences for June and July (curves I and II) and for December and 
January (curves III and IV). The curves for the winter period (III and IV) 
show clearly the peak of activity at 17 00 hr which can be interpreted as 
meaning that the foEs seldom exceeded a value of 4 Mc/s. On the other 
hand the curves for the summer period (I and II) appear to be centered 
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at 13 30 hr but still manage to show a small maxima at 17 00 hr which can 
be interpreted as meaning that through the daylight hours foEg most the 
time exceeded a value of 4 Mc/s so that the 17 00 hr peak, while still being 
there, would not have been observed had the frequency of operation of 
the sounder been of the order of 17 Mc/s or lower. 

5. Azimuthal Variation of Sporadic E 

In order to investigate the azimuthal distribution of sporadic E the 
azimuthal extent of the echoes were drawn in the quadrants in which they 
occurred. This was done for both years for all three channels. The plots 
for 1958 are shown in Figs. 8a and 8b. On this last figure the sum of the 
occurrences on each thirty degree sector is plotted as a function of azimuth 
for both channels. The plots for the year 1959 are shown in Fig. 9 for all 
three channels. 

From these figures it is obvious that more Eg is observed to the south 
than on any other direction. Since the azimuthal magnification error due 
to the broad radiation pattern of the antennas used is less pronounced in 
the higher frequency channels, the curves for 40*68 Mc/s and that for 
49-68 Mc/s can be expected to show more detail than those for the 21*6 
Mc/s channel. For a giventhe extra energy available just at the comer 
of the radiation beam is needed to produce an echo. On the other hand, the 
dip in the SE quadrant noticed on the higher frequency curves for both 
years is not likely to be caused by a property of sporadic E. It is very 
probable that this dip is due to a shielding effect of El Cerro Las Mesas, a 
fairly high hill just to the southeast of the site where this experiment was 
performed. Due entirely to mechanical considerations the 40-68 Mc/s beam 
antenna was higherthan the one for 21-6 Mc/s, so that the ‘‘firing” angle of 
the latter was greater than that for the former. 

Summarizing the information we have thus far: Sporadic E in the 
Caribbean-Atlantic area is also a summer-time affair, has a higher proba¬ 
bility of occurring around 17 00 hr A.S.T., and is more likely to occur in 
the south direction. 

This preference for the southern direction is not confined to the Carib¬ 
bean-Atlantic area. Shearman and Harwood (1960) working in England 
found: “The greatest concentration of echoes is seen to be in the southern 
semicircle, with no significant bias to west or east.” Clark (1957) found at 
Stanford, California that: “The gross Eg activity is approximately 40 per 
cent greater in the south and west than in the north and east.” 

6. Motion of Eg Patches 

In order to study the motion of clouds of sporadic E the rectangular 
presentation of range vs. azimuth was transformed into the equivalent plan 



B. Dueno 


u, 

I 

p CO 

S oo 


C S 3 UPJJ n 9 90 


■IWIIIIIII IB_ 

lllllll■lll■■llllllllll^■HM 


t»9 uvjjnaoQ 


0^3^ 

CO e 

S S 

O fO 

rt oo p 

3 ^ ^ 

S-J *-1 
o o 

°-i 

o 

oo O) 

• Q 
.Sf 
fS 2 


I^HL 










Sporadic E as Observed from Mayaguez, P.R. by Backscatter Sounders 119 




Fig. 9. Occurrences per thirty degree sector for year 1959. 

position presentation. This is illustrated in Fig. 10 which shows some 
sumple paths of moving Es patches. The complicated path shown in ths 
paper left-hand drawing for July corresponds to the Ea event on 49-68 Mc/s 
which is shown in Fig. 1 for July 16, 1959. The inner and outer circle 
correspond respectively to a range of 1000 and 2000 km. From this figure 
It will be observed that some of the motions are quite complicated and 
that there is tendency for some of the Bs cloud motions to stop when 
reaching the southerly direction. 

Figure 11 shows a polar plot of the measured velocities. Each point is 
to be interpreted as the end of a vector whose length is equal to the mag¬ 
nitude of the velocity in meters per sec. It will be observed that more of 
these velocities had direction towards the south-west quadrant than to the 
other three. This is also shown in the bottom drawing of Fig. 12. The 
slightly higher number of occurrences on the east-north quadrant over the 
remaining two others is obviously of no significance. 

The upper drawing of Fig. 12 shows the distribution of measured 
velocities in meters per sec. The average velocity comes out of the order 
of 150 meters per sec. 
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This corresponds to a velocity of 540 km per hour and is higher than 
the value obtained by Shearman and Harwood (1960) (between 200 and 
350 km per hour) and the mean value of 303 km per hour obtained by 
Clark (1957) but in substantial agreement with the values 420 km per hour 
to 960 km per hour obtained by Davidson (1955). 
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Fig. 12. 

7. Conclusion 

The multiple channel backscatter sounder is a powerful method for the 
study of sporadic E. In this study it has been found that Es in this region 
shows the well known peak of activity during midsummer and in addition 
shows a minor maximum of activity during thewinter months of December 
and January. Eg is more probable to occur at 17 00 hr A.S.T. and in the 
due south direction. The Eg clouds, when they drift, have a velocity of 
the order of 500 km per hour, and their prevailing direction is to the 
southwest. 
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Report on Recent Work in Brisbane 

J. A. Thomas 

Physics Department, University o£ Queensland, St. Lucia, Brisbane, 

Australia 

Abstract—^A brief summary of Brisbane work during and since the I GY is given. 
Experimental evidence has been found for the association of Eg with F-region 
irregularities. Very small decreases in the horizontal component of the magnetic 
field appear to accompany Eb echoes. Field-aligned columns within the night-time 
Fa-region are quite commonly observed and evidence is given which favours the 
production of an Fa-layer by vertical ionization redistribution rather than an actual 
increase of electron content. 


1. Introduction 

Routine p’f recording has been carried out at Brisbane since 1943 and 
gradually extended since that time, particularly during the IGY. In addi¬ 
tion, several special observing techniques have been in use for varying 
periods. The compilation of the data is only partially completed and this 
paper will present only a brief summary of the more recent work. 

It should be pointed out that most of the work reported herein has 
been carried out by various members of the Physics Department, and the 
name of the worker most actively concerned is given following each section 
heading. 

There are three chief results to report: 

(a) A direct association has been found, on a number of occasions, 
between rippled ionization contours of the night F-region and 
sporadic-F enhancement at points linked magnetically to the F 
ripples. 

(b) A small depression in the horizontal component of the earth^s 
magnetic field is found to accompany the detection of Eg reflections 
overhead. 

(c) Correlation has been found between aspect-sensitive reflections from 
field-aligned ionization in the sporadic-F region and the recording 
of sporadic-F echoes vertically below the region from which the 
field-aligned echoes have been obtained. These will be dealt with 
separately and other items of minor interest then outlined. 

2. Association of Es with F Ripples (Bowman) 

This work was largely carried out by Bowman and is reported in detail 
elsewhere (Bowman 1960a, b). Bowman has previously found (using 
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modified direction-finding techniques) that the varying types of p’f record 
commonly described as spread-i^ at middle latitudes Ic^r at tiLs Xn 
the ionization contours of the J'-region show a marked degree of rippling 

to hT” frontal ripples, for example, areXnd 

tX heX'T^*^'®/””' resolved range spreading. A cross-section of the 
romzation contours as a function of time shows a typical 
of contours of equal ionization, the kink being displacedhori- 

Straight lines joining coXponding 

^r^on” t®tttours have been called “slope lines”; these have a 

SiX^n t1^**“’* tndi^t^ they are projections of the geomagnetic field 
When X '=f°«s-®®<=tion of the frontal disturbance. 

kvd ofX^E !l an irreXrity meets the 

« ayer (Fig. 1). The timing is not always as clear cut as in 



IT* 1 A ■ 

Fig. 1. Association between a double patch of sporadic E and 

-r 2 “layer irregularities. 

the case illustrated, but there is good evidence for the coupling of Eg and F 
^ong the magnetic field lines. The frontal nature of Fa Lefularities and 

in a 3Xof°caS^configurations. This is borne out 

Spread Eg echoes (Thomas 1956) have been resolved and found to 
*° echora coming from a variety of echoing fronts, sometimes 
somewhat different azimuths. Detailed analysis of a few such 

rr:s:nt rthTfeon li: of ripple Xer^s 

^ TT • ^ -^-region, though on a reduced vertical scale ('Fig 2) The 

oyeraU mofaon of such complete structures appears to be close to the 

direction of magnetic north, i.e., towards the equator. The size and move- 
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Fig. 2. Proposed relationship between Fs-layer irregularities and 

sporadic-F^ occurrence. 


5 Mc/s 4 Mc/s 3 Mc/s 



Fig. 3. Proposed distribution of ionization to explain the cloud-like 
nature and the ripple nature of sporadic-^ occurrence. 
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ment of these E'-region disturbances is in agreement with size and move¬ 
ment of airglow cells (Roach, Tandberg-Hanssen and Megill 1958). 

Proposed Es ionization contours are given in Fig. 3, where we have a 
solution to the apparent contrast between the rippled structure and the 
patchiness necessary to explain blanketing effects. Forces (of the same 
nature as those causing Fz ripples) are visualized tending to move ionization 
along lines of force acting towards the ground at one part of the dis¬ 
turbances, and in the opposite direction at another. Further, if such 
movements tended to cause a bank-up of ionization near the Es level, this 
would give ionization contours at the higher frequencies (e.g., 4 and 5 
Mc/s in Fig. 3) which appear as “clouds”, and ionization contours at other 
frequencies (e.g., 3 Mc/s in Fig. 3) which appear as ripples. 

3. Magnetic Correlation (Wilkie) 

Hojo and Yonezawa (1953) reported that the geomagnetic declination 
shows a small deflection in the direction amplifying the diurnal-variation a 
few hours after the appearance of an intense J?s-layer. The ionospheric 
and geomagnetic data used for their analysis were recorded at sites 90 km 
apart. At Brisbane, with both an ionosonde and a horizontal-component 
magnetometer operating at the same site, investigations have been carried 
out to determine any relation between sporadic E and the variation of 
the horizontal component of the earth’s field. 

Preliminary examination of the records showed that on occasions there 
appeared to be a small reduction in the horizontal component during the 
time when an Es cloud was observed to pass overhead. To check this 
observation the field was plotted for 5 hours on either side of the time of 
central passage of the Es cloud. Any cases where an individual patch lasted 
more than 10 hours were neglected and the duration of the Es cloud, 
its critical frequency, height, and type, have not yet been taken into 
account. Since the Sq variation of the earth’s field is not constant from 
day to day, and in addition, reverses its sense depending on whether the 
dynamo current system is North or South of Brisbane, it was necessary 
to eliminate the period from approximately 07 00 to 13 00 hr from the 
investigation. The field was plotted for every isolated cloud not occurring 
either during the period of the main Sq variation, or during a magnetic 
storm, and the average for each month was found over a period of 15 
months. In almost every month it was found that the field was depressed, 
at or near the time of central passage of the Es cloud. Individual monthly 
graphs are fairly ragged but an average of all monthly graphs (Fig. 4) shows 
a smooth symmetrical decrease in the field of maximum amplitude 7 
gammas. The average duration of the Es clouds over all the months 
analysed was between 3 and 4 hours, which agrees well with the duration 
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Fig. 4. Average variation of H-component of the magnetic field 
associated with the passage of Es clouds. 


of the average decrease in the field shown in Fig. 4. Correlation in indi¬ 
vidual cases was not high and one of the best examples is shown in Fig. 5. 



Fig. 5. An example showing the step-like depression in the value of H 
prior to the passage of an Ea cloud. This depression is in fact unusually 
large, being about six times the average value. 


A further test was made by examining the horizontal component for a 
period of an hour centred on the time of initial occurrence of an Es cloud 
and the time of final observation of the cloud. Over a period of 9 months, 
this analysis showed that the average decrease over this one hour period 
associated with the initiation of an Es echo was 3 gammas, and a similar 
rise was associated with the disappearance of the Es echoes. 

In view of the surprisingly large value of this depression, an analysis was 
made of the times of occurrence of central passage of the clouds used in 
the above correlation analysis. These are, in fact, grouped in two periods 
with a maximum of occurrence at 17 00 hr and at 01 00 hr. Readings of 
the horizontal component taken at 13, 17, 21, 01, and 05 hr independently 
of whether sporadic-F echoes occur or not, are shown in Fig. 6. It will be 
noted that there is a depression of about 7 gammas at 17 00 hr and a 
smaller depression from the general trend at 01 00 hr. The actual number 
of occurrences of recorded Es echoes (whether they were used in isolated 
cloud analysis or not) shows a very similar trend in an inverse sense; this 
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Fig. 6. Four-hourly plots of all H values (independent of occur¬ 
rence) and Es echo occurrence figures. 

is also plotted in Fig. 6. The implication is that there may be a common 
cause for both the production of the sporadic E and the reduction in the 
horizontal component. 

A further test was made using an even number of Eg clouds for each 
hour of the day, thus avoiding the elffects outlined in the previous para¬ 
graph. The result shown in Fig. 7 indicates a smaller depression of 3—4 

15 ,— -—- I 





Time, hr 

Fig. 7. H variation associated with Es cloud passage, with observa¬ 
tions spread evenly throughout the day. 


gammas and it therefore appears that this reduction in H is genuinely 
associated with the passage of a typical Eg patch overhead, although - 
further work is obviously necessary before any dogmatic statement can 
be made. 
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4. Field-Aligned Ionization (Goodwin) 

Backscatter sounding equipment has been in operation at Brisbane since 
September, 1959. Recently, improvements to the aerial system have been 
made, as discussed by Thomas and McNicol (1960). With this improved 
aerial beam of only 8 degrees total width, high angular resolution is 
possible, and attempts are being made to correlate field-aligned echoes 
from sporadic E with sporadic-JS echoes observed at Casino, which is 
located almost vertically underneath the meridian-section field-aligned 
echoing point for the JS'-region. To date there are few data available, but 
what there is has shown quite good correlation between the observation 
of oblique field-aligned echoes and normal-incidence night-time sporadic-£^ 
echoes; some information is also obtained on the shape and size of patches. 
The recording programme and analysis is continuing. 

5. Phase-Path Techniques (Thomas) 

For some years phase-path techniques have been used at Brisbane to 
aid the analysis of various forms of irregular behaviour of the ionosphere 
(McNicol and Thomas 1960). The technique is particularly useful in 
analysing complex sporadic-jE" echoes, enabling the determination of several 
different types of overlapping sporadic-jE echoes. It is useful in the analysis 
of movements of sporadic-JE patches and in the determination of changes in 
ionization content when sporadic-jE patches move overhead. The technique 
here is to observe the F-region phase-path, and note any changes in this 
phase-path which occur when sporadic-F clouds come between the trans¬ 
mitter and the F-region. Difficulty arises because of the changes in the 
F-region which occur independently of the sporadic-F movements, but one 
would expect that if the sporadic-F patch carries with it any appreciable 
amount of ionization, the F-region phase-path should decrease when the 
Es patch intervenes. Accurate counts have been made of the F-region phase- 
path fringes over extended periods on either side of isolated Es patches, but 
no consistent result has been fqund for the change in the F-region phase- 
path. It thus appears very probable that the sporadic-F echoes observed on 
these occasions did not appreciably alter the total amount of ionization 
below the F-regioh but rather merely redistributed it in such a way that 
Es echoes were observed. 

Robinson (1960) has suggested one possible way in which such a redis¬ 
tribution might occur in practice. Whitehead (1961) has produced a theory 
which basically involves vertical redistribution of ionization rather than 
horizontal transport. 

6. Airglow Correlation (Danziger) 

An airglow photometer has been operated at Brisbane for several months 
of 1960 and measurements have been taken of the green line 5577A. 
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Analysis of these records shows generally a poor correlation with critical 
frequency of Es, but on occasion a good correlation with the occurrence of 
spread echoes of sporadic E. This correlation has been strengthened by 
the fact that the airglow intensity on these occasions correlates quite well 
with the quantity (fEs — ftEs). The suggestion is put forward that on 
these occasions the sporadic-jE region may well be more turbulent than 
on other occasions and that this turbulence is associated with the higher 
air-glow intensity. 


7. Closed Spaced p’f 

Equipment is being built at the moment for setting up a chain of closely 
spaced p’f sounders for the observation of the growth and decay of Eg 
patches. The spacing involved between observation points will be of the 
order of tens of km and it is hoped to have 8 such observation points in 
close proximity. 
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the Air Research and Development Command under contract AF64(S00)-9. 
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Recent Sporadic-i? Experimental Work 
in the United States 


J. F. DeGregorio, J. W. Finney, K. Kildahl and E. K. vSmith 

Boulder Laboratories, National Bureau of Standards, Boulder, Colorado, U.S.A. 

Abstract—^This paper reports on experimental work carried out by the Central 
Radio Propagation Laboratory of the National Bureau of Standards during the 
past three years utilizing the transmitting site at Long Branch, Illinois; the mid¬ 
point site at Shickley, Nebraska, and Colorado receiving sites of the National 
Bureau of Standards. Inconsistencies in the published literature concerning the 
relationship of sporadic E observed at vertical incidence with that recorded on 
v.h.f. oblique-incidence circuits are found to be largely explained if the different 
types of sporadic E are considered separately and the effect of antenna gain in the 
v.h.f. circuits is properly evaluated. Fading and direction of arrival are found to 
give substantial support to a theory of the existence of intense ionization centers 
for the type of sporadic E which provides TV-DX. Evidence of a moving **front” 
of sporadic E some 200 km in depth is derived from a multiple reflection point 
experirnent. 


1. Introduction 

The work reported in the paper represents a survey of recent findings 
of the Central Radio Propagation Laboratory sporadic-jS group of the 
National Bureau of Standards’ Boulder Laboratories. The work of this 
group is only a fraction of the total work on sporadic E at the Boulder 
Laboratories, as can be seen from the several contributions in this volume 
by other workers at NBS. 

The basic experimental facilities utilized in this program are portrayed 
in Fig. 1. Long Branch, Illinois, is the major h.f. and v.h.f. transmitting 
station of CRPL, and Table Mesa (12 miles north of Boulder) is the major 
receiving facility. The sporadic-J? program has operated three circuits 
(30 Mc/s, 50 Mc/s and 74 Mc/s) using 5-element Yagi antennas located 
at such heights that the direct and ground-reflected rays are received 
in phase for reflections at 110 km heights at the path midpoint. An 
NBS Model C-2 ionosonde is located 10 miles west of the geographic 
midpoint. (This westward deviation from the exact midpoint is inten¬ 
tional.) There is a 4000 foot difference in elevation between transmitting 
and receiving antennas, so that, for horizontally stratified layers, the 
reflection point will be closer to the higher terminal (Boulder). 

The experimental work described here was performed in the period 
1958 through 1960. Terminology and calibration procedures are the same 
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as those developed for the ionosphere scatter program (Bailey, Bateman 
and Kirby 1955). The results in this paper may be directly compared to 
those in other publications of the sporadic-.^ group (Smith 1957, Davis, 
Smith and Ellyett 1959, Smith 1958, Smith and Finney 1960). Due to 
the high concentration of sporadic-J? events around the summer solstice 
at these latitudes the specialized experiments have all been carried out 
during the summer months. However, field intensity on the 50 Mc/s 
frequency has been monitored throughout the year to determine seasonal 
variation. The specialized experiments referred to above are as follows: 

(a) The correlation of Eg field intensities observed over v.h.f. oblique- 
incidence circuits with distribution of foEg at an ionosonde located 
at the midpoint (described in part 2). 

(b) Fading rate at vertical and oblique incidence (described in part 3). 

(c) A multiple-midpoint oblique-incidence experiment designed to give 
simultaneous patch size and velocity information (described in 
part 4). 


2. Observations of Es at Oblique Incidence and with a 

Midpoint Ionosonde 

Considerable data exist in the literature on diurnal and seasonal variation 
of sporadic E in the United States (e.g. Davis, Smith and Ellyett 1959), 
and, as our data are in substantial agreement with the published work, this 
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information will not be presented explicitly in this paper. Rather, attention 
will be directed toward the comparison of the statistical distributions of 
signal level at the three oblique-incidence frequencies (30, 50 and 74 Mc/s) 
with that of the vertical-incidence ‘"critical frequency”,as observed 
at the midpoint ionosonde in Shickley, Nebraska. Such a comparison is of 
technological interest because vertical-incidence data are available from a 
worldwide network of ionosondes and one would like to use data from this 
network to predict the effect of Eg on v.h.f. communications circuits. The 
approach used in this paper is first to lump all types of Eg together in 
considering the relationship of oblique to vertical observations and then 
to treat the different types separately. 

Comparisons of vertical with oblique-incidence data have been reported be¬ 
fore (Kono, Uesugi, Hirai and Abe 1954, Davis, Smith and Ellyett 1959), but 
in these cases the vertical-incidence data came from the nearest available iono¬ 
sonde (in the second reference it was 400 miles from the midpoint). In the pre¬ 
sent case the ionosonde was placed to suit the requirements of the experiment. 

The five element horizontal Yagis used for both transmitting and 
receiving in this present program have plane-wave gains of 9 db relative 
to a dipole and horizontal beamwidths to half-power points of approxi¬ 
mately 60°. It has already been reported (Smith 1958) that Eg reflection 
coefficients derived from a circuit employing 6° rhombics at both ends are 
10 to 15 db lower than those derived from a circuit with Yagis at the same 
heights provided a reasonably long series of observations is considered. 
This fact is attributed to off-midpoint contributions to the received signal 
which are discriminated against by the narrow beam antennas. 

The percentage of time the sporadic-E power reflection coefficient r 
exceeds any value of interest can be derived from Fig. 2. The mean 

CUMULATIVE DISTRIBUTION OF Es 
SIGNAL INTENSITIES-JULY 1959 



PERCENT OF TIME SIGNAL 
INTENSITY EXCEEDS ORDINATE 

Fig. 2. Cumulative distribution of signs»l intensities—July 1959. 
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statistical values of the frequency exponent n are in agreement with earlier 
values (Davis, Smith and Ellyett 1959). These values may be obtained 
from Fig. 2 from the relations 

logic rx — logic r% — n logic 

where the subscripts on the reflection coefficients refer to the frequencies 
/ij/s. A good discussion of the implications of this parameter for equatorial 
Es at vertical incidence is given in a companion paper in this volume 
(Skinner and Wright 1961). 

A comparison was presented in a previous study (Smith 1957) of data 
for the summer of 1952 of v.h.f. field intensities and/jS« derived from a 
Japanese paper (Kono, Uesugi, Hirai and Abe 1954). In this study it was 
found that when oblique measurements were related to vertical-incidence 
ones by the secant law (Wright and Gautier 1960) then probabilities of fEs 
occurrence corresponded to probabilities of occurrence of oblique-inci¬ 
dence signal intensities of 0 to —20 db relative to free space. In a subse¬ 
quent paper (Davis, Smith and Ellyett 1959) this same comparison was 
made for sporadic E on the Cedar Rapids to Sterling path and jEs observed 
at Washington, D.C. for the period May 1955 to February 1956. Here it 
developed that/E« in Washington corresponded approximately to —70 db 
relative to inverse-distance (—58 db relative to free-space), a very serious 
difference. A similar comparison for the Long Branch to Boulder circuits 
equipped with Yagi antennas and the midpoint sounder is seen in Fig. 3 
for July 1959. For most of the frequency range it is seen that the foEs 
distribution corresponds to the occurrence of oblique-incidence Eg (at the 
equivalent frequency) for intensity levels between —30 and —40 db relative 
to inverse distance (reflection coefficients of —30 to —40 db). This result 
is probably typical of the summer months for this path for a year of high Ef. 
It is in reasonable agreement with the Japanese result (Kono, Uesugi, 
Hirai and Abe 1954), which was also for summer months, but appears to 
contradict the other U.S. comparison (Davis, Smith and Ellyett 1959). 

Several possible answers to the apparent contradiction between these 
two and the earlier U.S. determinations have been considered. The dis¬ 
tribution of foEs for the Washington, D.C. ionosonde was compared to 
that for the Shickley midpoint station (two stations with similar geographic 
and geomagnetic latitudes) for the same period and it was found that the 
two were almost identical. Therefore, the possibility that the Shickley 
ionosonde was not operating properly could be dismissed. The earlier U.S. 
measurements were made with 25 A rhombics, the latter with 5-element 
Yagi antennas. A comparison of these two types of antennas in operation 
simultaneously over the Long Branch to Boulder path indicated that, 
whereas the gain of the Yagi (9 db) appears completely realized during Eg 
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COMPARISON OF OBLIQUE- 
INCIDENCE SIGNAL INTENSITIES 
WITH DISTRIBUTION OF fo E* 
AT THE MIDPOINT-JULY 1959 



INCIDENCE FREQUENCY (Wc/s) 

Fig. 3. Comparison of oblique-incidence signal intensities with 
distribution oi foEa at the midpoint—^July 1959. 

propagation periods, that of the rhombics was not. This discrepancy can 
account for 10 to 15 db of the differential. Most important, probably, is 
the fact that the correspondence varies seasonally. While close to the earlier 
comparison (Davis, Smith and Ellyett 1959) during off-season months it 
swings to the situation presented in Fig. 3 at the height of the Es season. 
An additional minor difference is due to the use of fEs in the former case 
and JoEs in the latter. 

Although the arguments presented above can explain the discrepancy 
between the two sets of data they serve to complicate the problem of 
predicting the distributions of sporadic-E" transmission losses on v.h.f. 
communications circuits from vertical-incidence data. It is seen that not 
only do high-gain antennas not appear to realize their plane-wave gains 
during periods of Eg transmission, but also the correspondence of oblique 
field intensity and foEs appears to vary with time. 

One possible means of interpreting the seasonal variation in the corres¬ 
pondence of oblique and vertical Es data would be to consider the 
correspondence separately for the different Es types. That is, if certain 
types of Eg produce more intense reflections at oblique incidence than others, 
and if these more intense types are more prevalent in the summer relative to 
the other Es types, then the seasonal anomaly would be explained. It is 
also important to investigate the efficiency of the different types of Es in 
propagating v.h.f. oblique-incidence signals from the standpoint of the 
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possible structures of the types and in order to ascertain how real arc the 
distinctions between the types. 

The results of our attempt to separate out propagation by the different 
Es types for the Long Branch to Boulder path are shown in Fig. 4 for the 

COMPARISON OF OBLIQUE-INCIDENCE SIGNAL 
INTENSITIES WITH DISTRIBUTION OF foE. 

AT THE MIDPOINT FOR FOUR DIFFERENT 
TYPES OF SPORADIC E-JULY. 1959 



EQUIVALENT VERTICAL INCIDENCE FREQUENCY (Mc/S) 


P'^rnf^rison of oblique-incidence signal intensities with 
distribution of foEs at the midpoint for four different tvoes of 

sporadic F—July 1959 . ‘ 


month of July 1959. Only four types occurred in sufficient frequency for 
statistical treatment. These are / (low), ^ (cusp), h (high) and /(flat) types 

fncoN characteristics of the types, see Thomas and Smith 

1^59). The four plots in Fig. 4 are the same kind as Fig. 3, but are con- 
structed separately for the periods during which the midpoint sounder 
showed that particular type was active. The reflection height for the oblique 
paths has been assumed to be 110 km (e.g. Smith 1957) in the determination 
of the equivalent vertical frequency when plotting the oblique circuit data 

?nrn obscrved virtual heights (nearest 2 km) during July 

1959 at Shickley were: 
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I type (115 cases) 
c type (469 cases) 
h type (193 cases) 
/type (219 cases) 


111 km i 7 km 
111 km 4 km 
119 km db 7' km 
111 km :±: 6 km 

The value listed is the median virtual height. Fifty per cent of the cases 
were recorded at heights within the ranges shown. Also recorded were 28 
cases of g'-type (equatorial) and 18 cases of r-type (retardation) Es. 

If the equivalent vertical-incidence frequencies of 8 and 10 Mc/s are 
arbitrarily selected the following comparison can be made from Fig. 4: 


Ea Type Oblique Signal Intensity Corresponding to foEa 



8 Mc/s 

10 Mc/s 


1 

35 db 

35 db 

below I.D. 

c 

29 db 

27 db 

below I.D. 

h 

35 db 

28 db 

below I.D. 

f 

45 db 

45 db 

below I.D. 


Types h and c can be seen to provide the most intense oblique reflections 
for the given values of foEs while /-type Eg provides distinctly weaker 
reflections. As/-type is the night-time category this difference can probably 
be attributed to the effect of daytime absorption which will tend to decrease 
the foEs values for the /, c and h types relative to the oblique values. 

The seasonal distribution of these four types for the year 1958 is shown 
in Fig. 5. c-type is seen to dominate the summer peak (May—August) and 


SEASONAL VARIATION OF THE VARIOUS Es TYPES 
AS OBSERVED AT WASHINGTON D.C. DURING 1958 



Fig. 5. Seasonal variation of the various Es types as observed at 

Washington, U.C. during 1958. 
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/[-type is also a distinctly summer phenomenon. In contrast the /- and 
/-types peak during the November-December period and both override 
c- and A-types during most of the remainder of the year. It would be 
expected from these data that a purely summer equivalence between vertical 
and oblique data (e.g. Fig. 3) would show about 10 db higher reflection 
coefficients than the corresponding presentation for the whole year. This 
assumes, of course, that a given type will produce the same vertical to 
oblique relationships and hold throughout the year (an assumption which 
has not as yet been tested). 


3. Fading Rate 

Fading rate during Es propagation has been recorded simultaneously on 
fast-speed tape for the three v.h.f. Yagi circuits and, at the midpoint 
station, fading rate is determined by counting the median crossings. The 
general conclusions are: 

(a) For the three v.h.f. circuits fading rates vary typically between 0-05 
and 0-5 c/s. 

(b) Statistically the fading rate for the midpoint station agreed with that 
observed over the corresponding oblique frequency. 

(c) Statistically the fading rate increases approximately linearly with 
frequency for the three v.h.f. circuits. 

(d) The instantaneous correlation of fading at the midpoint station with 
that of the oblique circuit at the corresponding frequency is poor 
(typically r 0-0). 

(e) If the fading rate (as recorded simultaneously at 30, 50 and 74 Mc/s) 
is compared for an interval of the order of one minute for the three 
v.h.f. circuits, the fading rate may be observed to generally increase, 
but also sometimes decrease, with frequency. 

The lack of instantaneous correspondence between the fading rates for 
the midpoint station and the corresponding oblique frequency can be 
attributed to the fact that the Es reflection for the two cases does not 
involve identical Fresnel zones. Even for a perfectly horizontal Eg layer 
the vertical incidence Fresnel zones are circles and the oblique-incidence 
ones are ellipses. If the Es region is tilted or wavy, then the centers of 
the two systems of Fresnal zones will not be the same either. Angle of 
arrival measurements made at Boulder on the 50 Mc/s circuit during E^ 
indicate that the signals can arrive from as much as 20° off the great-circle 
path during weak sporadic E (normally the beginning and ending of a 
sporadic-jE opening). 

The fact that the fading rate may either increase or decrease with fre¬ 
quency over the three v.h.f. circuits seems very significant from the stand¬ 
point of the structure of sporadic E. Scaled antennas mounted the same 
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number of wavelengths above the ground were used on all three frequencies 
and the geographical separation between antennas at each terminal was 
reduced to a minimum. Thus the antenna polar diagrams are independent 
of frequency, and the same common volumes in the ionosphere were inter¬ 
cepted by the transmitting and receiving antennas for each circuit. The 
peculiar frequency dependence must therefore be attributed to the struc¬ 
ture of the sporadic-.^ region. An example where fading rate decreases 
with frequency is shown in Fig. 6. 


EXAMPLE OF FADING DURING SPORADIC E 
DECREASING WITH FREQUENCY 
LONG BRANCH TO BOULDER, JULY 30, 1958 



Fig. 6. Example of fading during sporadic E decreasing with fre¬ 
quency, Long Branch to Boulder, July 30, 1958. 


4. Multiple Path Study 

An experiment making use of a network of oblique-incidence circuits 
arranged as in Fig. 7 to provide three closely spaced (50 km) and two 
outlying reflection points (200 km from central reflection point) was carried 
out in the summer of 1960. The equivalent vertical-incidence frequencies 
were all within the range 10-5 Mc/s to 12-3 Mc/s as shown on p. 140. 
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Path 

Distance 

Sec 

Frequency 

Equivalent 

V.I. 

w 

Long Branch-Boulder 

(km) 

1290 

4-57 

(Mc/s) 

49*800 

Frequency 

(Mc/s) 

10*9 

(b) 

Long Branch—Shickley 

645 

2*85 

30*010 

10*5 

(c) 

Long Branch—Brush 

1200 

4-40 

49*800 

11*3 

(d) 

Norman-Shickley 

570 

2*44 

30*015 

12*3 

(e) 

Long Branch-Cheyenne MT. 1300 

4-60 

49*80 

10*8 


An example of an isolated Es event occurred on July 28, 1960 and is 
shown in Fig. 8. This particular Es patch has a west-to-east phase velocity 
component of approximately 1400 km/hr and a south-to-north phase 
velocity of 350 km/hr. The resultant velocity of the patch is then computed 
to be 330 km/hr in the direction 14° East of North. The actual time durations 
noted at the reflection points are all comparable and approximately 35 
minutes. The “patch” of Es therefore appears in this instance as a “front” 
about 200 km in depth and shows almost no variation in this thickness 
along a 1000 km width of the front intercepted by the observing points 
and the Boulder ionosonde. A simulated picture of the Es ionization at 
1030 MST is shown in Fig. 9. 


5. Conclusions 

Experimental evidence is presented to show that summer values of 
foEs recorded on a C-2 ionosonde correspond approximately to reflection 
coefficients of —30 to —40 db for oblique paths of 1300 km in length. 
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EXAMPLE OF RECORDS OBTAINED DURING fHE 
MULTIPLE -SWION Es EXPERIMENT. 

urn WtHCB, lUJWB TO (ia ii.iic».ctxo«M>ci SWUM . 28 JULy so -imio ttiv-i I'm’ '' 


w-i niiNpfe 10 ?*tbRASKA Kfcl 


iODiO MWf. 




Jr9^, 1LLINCJ& JO t?00 t<M "i '" 


HOWWIi (RAHWllA TO SHiCHtFL W»i4fcV.Ki *' 4 *- 


•jf*ano 'H-r 




'*■, WOlS nrv?. 


Hkeupwa l(MNe«,rt.l.l»*OtS TO CMtVfNNf MT. IVJOKM “'L , ••+« .!-•: 


Fig. 8. Records obtained at the various receiving sites on July 28, 1960. 


' ARTiST'S CONCEPTION OF THE Eg CLOUD AT 10.30 MST 

JULT 28 , I 960 



Fig. 9. Artist’s conception of the cloud at 10 30 MST, July 28, 1960. 
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This equivalence is shown to be somewhat dependent on the “type” of 
sporadic E. 

Fading rate during Fj propagation is observed at times to decrease with 
frequency suggesting that the Eg layer at times consists of blobs whose 
plasma frequency is approidraately equal to foEg. 

Observations utilizing a network of oblique-incidence circuits indiate 
that Eg patches can have the appearance of a cloud front with width of 
500 to 1000 km and depth at 200 km. 
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Sporadic-^ Propagation with 3 psec Pulses 

G. R. Ochs, R. J. Carpenter and E. K. Smith 

National Bureau of Standards, Boulder, Colorado, U.S.A. 

Abstract—^Pulse broadening of 3 ixsec pulses transmitted at 41 Mc/s via Eg over 
the 1300 km Long Branch to Boulder path are examined and interpreted. 


Some interesting sporadic-E records were obtained as a by-product of a 
meteor echo experiment carried out over the Long Branch, Ill. to Boulder, 
Colo, path in June, 1959 (Carpenter and Ochs 1962). The experiment 
consisted of transmitting short pulses (3 /xsec to half-power point when 
recorded on the Boulder receiver) at 40-92 Mc/s from Long Branch using 
a transmitter with 800 kW peak power. The transmitting antenna was a 
horizontal comer reflector (gain approximately 10 db over a dipole) and 
the receiving antenna was a five element Yagi. Both antennas were mounted 
at a height of 52 feet. The data were recorded from the A-scan on motion 
picture film (16 mm, 24 franaes/second). Several instances of sporadic-E 
propagation were then spliced together to make a 10 minute/motion picture 
film for visual presentation. This paper presents some excerpts from the film. 
The occurrence time for each instance of Es is not available (other than 
the fact that all of the data were taken in June, 1959). 

Signal intensities from Es were often very high: much greater than most 
meteoric reflections. When an Es enhancement was first observed it often 
consisted of modes which differed in delay by 20 /u-sec or more. Later in 
an Es enhancement signals were often strongly received. At these times 
they were very “clean” and no multipath could be detected. 

In Figs. 1,2 and 3 are seen three series of records taken at 1 /2 second 
intervals. The ordinate scale is linear in amplitude. Time moves from 
right-to-left in the abscissa scale and the time markers are every 10 /xsec. 
Almost no pulse-broadening is discernible in the records of Fig. 1 indicating 
that any significant multipath components occur certainly less than 1 /x-sec 
from the principle component (and probably considerably less). This type 
of record occurred quite frequently. Figures 2 and 3 show cases where 
multipath components are discernible but still at quite modest delays 
relative to the principal component (i.e. not more than 3 /xsec). 

In order to derive some physical significance from these delays let us 
consider an ellipse of revolution (see Fig. 4) defined by locating the two 
terminals of the circuit at the foci (A, B) and the assumed reflection point 
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Fig* 1 * Reception, via. sporadic E of 3 pulses at Boulder, 

Pictures are taken at 1/2 sec intervals of 40.92 ]VIc/s transmission 
from Long Branch. Time moves from right-to-left. 
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Figs. 2. Reception via sporadic of 3 /u.sec pulses at Boulder. 
Pictures are taken at 1/2 sec intervals of 40.92 Mc/s transmission 
from Long Branch. Time moves from right-to-left. 
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AB • 1300 KM 
C0< h -i-s > 130 KM 
h • too KM 
s•30 KM 


C‘ 



Fig. 4. Geometry of the vertical cross-section of the model. 


(C, 100 km above the midpoint of the path) on its surface. Transmitted 
signals reflected from any point on this surface would arrive at the receiver 
at the same instant, t. Let us now consider a slightly longer delay time, 
t + Asf, such as would occur if the assumed reflection height were increased 
to h -\- Ah. We have now defined a second ellipse of revolution again with 
foci at the terminals (A, JB) but with reflection now taking place at C'. Let 
us further assume that sporadic E occurs in flat, horizontal strata. A 
reflection from a height h + Ak will then have the same delay as one from 
the intersection of a horizontal plane at a height A, the surface of the 
ellipsoid passing through h -]- Ah. This distance is arrived at by solving 
for the intersection of an ellipse of revolution and a horizontal plane which 
is parallel to its major axis. 

Let Ad represent the increase in total path length 
Ah the corresponding increase in height alone 
Ax the corresponding horizontal distance along the path 
and Ay the corresponding horizontal distance normal to the path. 
Typical values of these parameters are as follows: 


At 

Ad 

Ah 

Ax 

Ay 

1/3 ^sec 

100 m 

255 m 

41*4 km 

8*1 km 

1 ftsec 

300 m 

763 m 

71*5 km 

14*1 km 

3 ^tsec 

900 m 

2-275 km 

122*5 km 

24*0 km 


r.s E.-L 
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It can be seen from the above table that there is much greater sensitivity 
to changes in height than to horizontal deviations. The records in Fig. 1 
demonstrate that the range in reflection heights is limited to less than 
500 m. In the horizontal plane however there may be components arriving 
from 10 km away in a direction normal to the midpoint and perhaps 50 km 
from the midpoint in the plane of propagation. 

To the best of our knowledge these records are the first published 
indications of how little the pulse broadening can be for Es propagation 
over oblique-incidence circuits at v.h.f. The same information has, in fact, 
been indirectly available for some time through observations of TV-DX. 
It is not uncommon to observe good TV pictures* which have been propa¬ 
gated by sporadic E which must therefore have a horizontal definition of 
close to 300 lines. This indicates an ability to discriminate between com¬ 
ponents of the order of 0*2 /usec apart. This is further evidence that at 
times sporadic E can take the form of a very thin, quite specular, reflector. 

The meteor experiment was carried out by R. J. Carpenter and G. R. 
Ochs first under the supervision of K. L. Bowles and later R. C. Kirby. 
The film from which these examples were drawn was presented at the 
1960 URSI Spring meeting in Washington, D.C. by Carpenter and Ochs. 
Special thanks are due to John L. Green and his group at the NBS Long 
Branch Transmitting Station. 


Reference ^ 

Carpenter, R. J. and Ochs, G. R. (1962) NBS y. Res. 66D, 249. 


* Unfortunately it has not been possible to locate a published example of a 
TV test pattern propagated by sporadic 2?, but one of us (E.K.S.) has seen un¬ 
published photographs of such cases. 
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Definitions of Frequency Parameters of Layers 

and their Accuracy 

Karl Rawer 

lonospharen Institut, Breisach/Rh. 

Abstract—In the case of a semi-transparent layer three frequency parameters are 
defined in a precise manner; two of them are normally used to describe the ioniza¬ 
tion of an iS»-layer. For practical application it is extremely important that the 
traces of both magneto-ionic components can be distinguished. This can be done 
in almost every case if the physical information given by the ionogram is considered 
in detail. A logical system of selection rules is established and explained with 
ionograms. 

1. General Considerations 

For thick layers where retardation of the sounding pulse is important 
critical frequencies of both magneto-ionic components can easily be read. 
Normally only one frequency parameter is read, viz. that of the so-called 
ordinary ray, /o*. To read fo the observer uses the retardation cusp 
occurring on the reflected trace (/ ■< /o) as well as on the transmitted 
trace (/>/o)- Deviative absorption often cuts the trace in the vicinity 
of/<?; the true value is then easily found by interpolation between the 
traces on both sides. In the case of the most strongly ionized layer, normally 
jp 2 » an extrapolation must be made on the ionogram to that frequency 
which is asymptotic to the high frequency end of the trace. This may 
introduce some inaccuracy, but in most cases the procedure can be made 
quite accurate. 

With respect to the F^-layers the situation is completely different. As a 
consequence of the extremely small thickness of these layers retardation 
effects are extremely small; with most ionosondes they cannot be seen 
on a normal record. Conditions are even more complicated by the fact 
that Ffi-layers rather often have a cloudy structure, so that they are 
semitransparent in a more or less large frequency range. As a consequence 
of lacking retardation the two magneto-ionic traces are often confused and 
it is difficult to distinguish between them. In the reduction of an Fs-trace 

* Strictly speaking the corresponding ray is characterized by different 
features: (1) Its polarization—^upgoing and downgoing is ‘*ionic”, i.e. at the 
lower border of the ionosphere its sense of rotation is the same as that or the 
Larmor spiraling movement of positive ions. (2) The ray is reflected at the le^l 
where X ^ = 1. In Rawer-Suchy’s nomenclature this ray is given by the 

abbreviation i o i. 
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two problems arise: (1) to distinguish between both magneto-ionic com¬ 
ponents, (2) to determine a characteristic frequency in the case of a semi¬ 
transparent layer, the reflection coefficient of which is decreasing with 
increasing frequency. 


2. Systematic Definitions 

These questions are the reason why it has been so difficult to find a 
general definition of a “critical frequency’* characterizing the electron 
density at the center of an ionized layer. The approach first proposed by 
our group (Biblf Busch, Rawer and Suchy 1959) was found when dealing 
with the £s-problem. It seemed to us that the reflection and transmission 
coefficients of a layer can be used to determine a reasonable characteristic 
frequency. This, of course, means that the amplitude of the different 
echoes is a most valuable piece of information which should not be sup¬ 
pressed. Unfortunately most ionosondes of the past do not take account 
of it as they intend a “black or white” reproduction. The more information 
exists with respect to the echo traces the easier different features can be 
distinguished—especially the magneto-ionic components. 

Our approach introduces effectively two different sorts of definitions. 
Physical definitions are bound to the physical nature of the problem, they 
have a well-defined physical meaning. Unfortunately it is often impossible 
to obtain them by direct reading of the record. Practical definitions depend 
on technical details of the recorder, they have no direct physical meaning 
but they can be read from the record in a rather simple manner. 

We first introduced two practical definitions which had already been 
used sometimes but with a* less precise definition. We defined the top 
frequency y ft^ of a layer as the ^highest frequency for which the layer is 
reflecting, i.e. for which^an echo can be obtained from it, the blanketing 
frequencyy fhy of a layer as the lowest frequency for which the layer is 
somewhat transparent, i.e. for which an echo from a higher, more ionized 
layer can be obtained. 

For an Es layer by these definitions the limits of the frequency range 
of practical transparency are determined and>/&. For a thick layer 
without absorption both definitions must give the same value, and this is 
the traditional critical frequency,/c. In the case of a thick, absorbing layer 
one has ft <.fb (the difference normally being small) and the critical 
frequency lies in between. 

Now we come to a physical definition of the “critical frequency”. It is 
found as a weighted median between top frequency, ft, and blanketing 
frequency,/ft. The weight is given by comparison of reflection and trans¬ 
mission coefficient. We defined as critical frequency that frequency for 
which the layer is equally reflecting and transparent, i.e. where reflection 
and transmission coefficients are equal. 
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Fig. 1. Reflection and transmission coefficient (db) as functions of 

the frequency. 


The conditions can best be seen from Fig. 1 where (for a thin layer) 
the frequency variation of both coefficients is given.as well as/s depends 
on the sensitivity of the equipment and its frequency variation (dotted line 
in Fig. l)/c by definition is independent on the equipment, but it could only 
be observed by intercomparison of amplitudes. An effort has been made 
many years ago (Rawer 1949) to use such a definition in a special experi¬ 
ment. The definition had been generalized for different ratios of the 
reflection and transmission coefficient. This gives the means to describe 
the frequency variation of transparency in the interesting range and so a 
detailed physical description of £[j-layers could be obtained. 

By this and similar investigations some important features of the Es- 
layers could be determined. It appeared (Rawer 1955) that if both magneto¬ 
ionic components were treated separately in a large number of cases the 
temperate latitude JS's-layer is not seriously transparent. In such cases 
Briggs (1951) with a special technique could demonstrate that the very 
small transparency range was present which is required by wave theory 
in the case of a thin layer. He was even able to find the layer thickness 
from his observations, and his numerical results (a few km) have meanwhile 
recently been justified by rocket observations. 

But there are other cases where in a certain frequency range the £s-layer 
is effectively transparent due to its cloudiness. These cases occur more 
often in the equatorial and in the auroral zones, but even in temperate 
latitudes they constitute about half of all Es cases. 
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3. Application to ^^t-LAYERs 

This shows that one frequency parameter is not sufficient to give a 
satisfying description; as first seen by Appleton and Naismith (1940). We 
should at least have two in order to locate in some way the range of trans¬ 
parency. This could be done on two different ways, viz., using physical 
or practical definitions. The first ones would be much more adequate as 
they are independent from the equipment. Unfortunately they could only 
be used in a routine way if amplitudes were correctly recorded in an 
unambiguous way. In that case one should introduce at least three values 
of the ratio of reflection to transmission, for example —20, 0 and +20 db. 
(Our old system (Rawer 1949) used five readings, approximately —40, 
—20, 0, +20, +40 db). The middle value, 0 db corresponds to our 
definition of the critical frequency,/c. 

As most existing ionosondes do not reproduce the amplitudes in an 
unambiguous way only the practical definitions/t.E's and/&J?ji can be used 
in a general routine program of all ionospheric stations. This means that 
the results depend in some way on the local ionosonde and its properties. 

Of course this is not very promising and one could think that such 
results were almost useless. However, a detailed investigation showed that 
for most occasions this is not true. It is evident that a large influence is 
only to be obtained if the characteristic frequencies are largely variable 
with sensitivity. For a good ionosonde the sensitivity is only slowly variable 
with frequency and then we may formulate the condition in a more physical 
way. Difficulties with/e or must arise if the reflection or transmission 
coefficient of the layer varies rather slowly with frequency. Now it has 
been shown (Rawer 1955) that in the range from very small values to 
about —20 db the frequency variation of the transmission coefficient is 
mostly so rapid that/sjE® does not depend very seriously on the sensitivity. 
As to ftEsf the situation is similar to those cases where no or nearly no 
partial reflection occurs. This is about half of all cases in temperate lati¬ 
tudes. For the remaining cases the influence of the equipment cannot be 
neglected (see Fig. 2). Especially the equatorial “^-type” Eg shows a very 
slow change of the reflection coefficient with frequency; therefore the 
definition of ftEs is rather poor in equatorial regions.** In these regions 
amplitude observations would be of great interest. 

If the sensitivity of the ionosonde is very high very faint echoes, as can 
be obtained by scatter or meteoric ionization, may be recorded. In that 
case the physical meaning of ftEs can be completely changed. The thin 
ionization phenomenon which is Es can no more be studied with such 


* It has become usual to writeinstead of/tE, and for the ordinary component 
foEa instead oi ftoEs. It must be held in mind, however, that this is not a critical 
frequency as in the case of thick layers. 
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fEs Freiburg, Mc/s 

Fig. 2. Correlogram of simultaneously observed/Eg values from two 
stations distant by 430 km (Lindau has the more powerful trans¬ 
mitter). 

data. It is therefore not recommended to use a very high power ionosonde 
with the usual reduction schedule for Es characteristics. More homo¬ 
geneous data are collected with the usual medium power ionosondes. This 
is a consequence of using practical definitions; with amplitude observations 
high power ionosondes could give very interesting results—^but on the 
basis of physical definitions. 

By the fact that/«Ea results often depend on the equipment it is rather 
difficult to make int^rcomparisons between different stations. Only if it 
has been established by trial that the sensitivity is comparable can one 
proceed to establish latitude or similar variations. But as relative inter- 
comparison can always be made, cross correlations obtained with the 
results of different stations are meaningful (Rawer 1955, Rawer 1958). 
This enables some intercomparison work to be done in a correct form. 

Time variations on a given station can be established if the sensitivity 
of the equipment was sufficiently constant during the period. It is of great 
interest to know whether the solar cycle has some influence and where 
the secular variations come from. Therefore it should be important to have 
long, homogeneous series of observations avoiding major changes of the 
sensitivity versus frequency curve of the sounding equipment. Unfor¬ 
tunately such series can not yet be found for more than a few years. This 
is one of the worst limitations we had to accept when the decision in 
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favour of practical definitions was made. It would be a great help for future 
work if sensitivity curves of the equipment were regularly published by 
the stations. 

With the indicated limitations ftEs and f^^Es have proved to be useful 
parameters. 

4. Distinction of the Magneto-Ionic Components 

In the preceding text we supposed that the observed Es trace had a 
clear physical signification. This is only true if the propagation and reflec¬ 
tion mechanism is well defined. As for every other trace on the ionogram 
this should be clear before reduction is begun. Unfortunately, for a long 
period this rather trivial point has been neglected when dealing with Es- 
layers. There can be no doubt that the introduction of this distinction 
first proposed by the author and finally adopted by the World Wide 
Soundings Committee has been necessary for two reasons: For geophysical 
applications it is important to have significant numerical values over all 
the day. For radio propagation applications one must be justified in using 
the same distance function for all basic data. 

In the introduction we have mentioned that it is sometimes difficult to 
distinguish the magneto-ionic components by inspection of the ionogram, 
ignoring the polarization of the echoes. It is therefore necessary to use 
every available information which can be collected from the ionogram. 
These are: small differences in virtual height and, again, the amplitude 
of the echoes. Combining these with some general reasoning on absorption 
and its frequency variation the following instructions have been established. 

5. Detailed Instructions for Distinguishing between the 

Magneto-ionic Components 

(a) For normal thick reflecting layers, differences in the vertical height 
of reflection of the two magneto-ionic components generally enable the 
two traces to be identified easily. The daytime “d:” and “A” types of Es 
give traces which can often be identified by the changes in height of the 
trace due to retardation in the normal £^-layer. Fig. 3. However, for most 
types of trace the two components are superposed at essentially the same 
height, and other criteria are necessary. 

(b) When absorption is present, a clear distinction is often possible 
because the absorption of the ^v-component is normally greater than that 
of the o-component at the same frequency. The :x;-component is also 
greatly weakened at frequencies near the gyrofrequency even when the 
normal absorption is very small. The different attenuation of the traces 
can often be used to identify the component, see for example Fig. 3. 




Fig. 4. lonogram to rule (d) (I). F-traces not well distinct in height 
at the low frequency end ljut clearly different in amplitude (here 
3 c-trace stronger). fminFx in center of band 4 (at 4*2 Mc/s). 

Band switching frequencies (right to left): 1*76, 2*5, 3*52, 5*0, 7*0, 10*0 
14*1 Mc/s. 
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(c) Systematic inspection of the ionogram can very often determine 

which component is present at the high frequency end of the trace even in 
cases where both traces are superposed and show no obvious distinguishing 
features. The first method depends in essence on comparing the top 
frequency of the trace,with the minimum frequency of the acr-com- 
ponent trace for the ionogram as a whole, j^in(a£:). This is necessarily above 
the gyrofrequency* (Rawer and Suchy 1962). If Es traces occur at frequen¬ 
cies above the extraordinary component must be present. Hence 

the top frequency,/ jjBs, must correspond to the extraordinary component. 
If the Es trace stops at frequencies below the extraordinary com¬ 

ponent cannot be present. 

Thus a ftEs ^ ftEs fx^8 

iiftEs<Uirix) ftEs=-foEs. 

The rule can only break down if there is a sudden change in the variation 
of the sensitivity of the ionosonde with frequency. This should not occur 
with properly maintained modern equipment but is easily recognized 
when present. Clearly it is not necessary to measure it is sufficient 

to know that is greater or smaller than/«J?s. 

(d) The high frequency end of the record should be inspected first. In 
most cases there is no difficulty in recognizing the two components in the 
F traces, and the low frequency end of the JP-region jc-trace is easily found. 
This is calledj/min-Fa; and provides a useful practical criterion. Three cases 
can arise in practice. 

(I) ftEs (Fig. 4) 

The Es trace must contain an x component and hence ftEg — fxEg. 

(II) ftEs C-ZmlnFo: (Fig. 5). 

When the top frequency is within less than half the gyrofrequency, _////£ of 
ftEsi the top frequency cannot be foEs without an jc-trace appearing at 
higher frequencies. Therefore fEg — fxEs. 

This is seen by indirect argumentation: Suppose the Es trace visible 
until is an ordinary trace (Sc ^/h). Then the corresponding A:-trace 

should stop z.tfrD.tiiFx — S -h ^fiiy and this is higher than j^mFar, so that this 
trace cannot be absorbed and should be visible on the ionogram. As, in 
the case we consider, this is not true the hypothesis used at the beginning 
of this consideration must be wrong, so that/iF« =fg;Es. 

(III) ftEs <C.fmlTxFx 

* This component is reflected at the level where the condition X ~ \ - 1’'holds. 
In Rawer-Suchy’s terminology it is called “e x c” (electronic polarization up and 
down, ac-condition of reflection). 
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Fig. 5. lonogram to rule (d) (II). F-traces well distinct. fminFx — 
ftEa at central bandswitching (5 Mc/s). 



Fig. 6. lonogram to rule (d) (III)(a). F-traces well distinct. Large 
gap between/minFa; (5*3 Mc/s) and/tF« (4*5 Mc/s). 
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Two subcases are possible: 

(a) No ^'-region trace (neither E nor Es) appears within half the gyro- 

frequency below/ininjPa: (Fig- 6). This shows that, for the ionogram 
as a whole, the ^c-trace stops at/ninFa;, so that —/nin(A?). 

Hence the observed F^-trace cannot be an x-trace and ftEs — foEs. 

(b) Within half the gyrofrequency below/ninFa: exists a trace obtained 
from a thick layer of the F-region (F or F 2 ). This must be an x-trace. 

It cannot be an ordinary trace from the argument given above which in 
this case would imply that thick layer echoes of two different regions 
existed simultaneously and for the same component at the same frequency. 
This would be a case of partial reflection which is impossible with thick layers. 
In this case the low frequency end of this trace, fmiuEx^ is to be found. 
With respect to this value the same reasoning as given above is repeated. 
This gives again three cases the first of which is reproduced in Fig. 7. It is 
important that x-traces of F (Figs. 8 and 9) are not confounded with Fg-traces. 

These rules can fail if the equipment limitation mentioned in ‘*c” above 
is present. 

(e) There remain the cases where j^inF-c cannot be determined. 

(I) If this is due to total blanketing, Fig. 10, under conditions 
we would normally expect to see the F traces, we should 
presume that the missing F-layer x-trace is replaced by an 
Fs-layer x-trace and therefore 

ftEs — fxEs- 



Fig. 7. Ionogram with “low” t3T5e F«. ftEn at the end of band 3 (at 
3*5 Mc/s), clearly higher than/minFa: which is in the center of this 

band (at 3'1 Mc/s). 
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Fig. 8. lonogram with visible A;-trace of Eo fm.inEx at beginning of 
band 4 (3-5 Mc/s). No jSs-trace visible. 



Fig. 9. lonogram with faint sc-trace of E. fminEx in. the center of 
band 3 (at 3-0 Mc/s). “I.ow” withwell below that 
frequency in band 2 (at 2-2 Mc/s). 
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Fig. 10. lonogram with total blanketing illustrating rule (e) (I). No 

F'-trace visible. 



Fig. 11. Uncommon ionogram showing large gap between F- and 
F-traces probably due to blanketing of an oblique sounding ray in 
the case of a strongly tilted F-region. 
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Fig. 12. lonogram where/minima: is difficult to identify. 

Sometimes, but rarely, ionograms are obtained which appar¬ 
ently differ from the cases discussed above. These differences 
are most commonly due to layer tilts causing obliq[ue sounding. 
For example see Fig. 11. 

(II) The remaining case where fm.\nFa cannot be determined al¬ 
though an jPjB-trace is present is the only dif&cult one. These 
conditions may, for example, be found when both components 
are superposed (Fig. 12) or scatter is present (Fig. 13). 

(f) Only in these difficult cases is it necessary to see whether the -x-‘ 
trace of Es can directly be identified. The most important arguments are 
retardation or absorption effects (see above, a and b). 

(g) Experience obtained at many stations shows that a guess can be 
made even in these cases where a decision on the basis of the rules given 
above seems nearly impossible: 

(I) In the absence of absorption it can always be supposed that 
f^Ea ~ fscEs. This is the normal night case (Figs. 12 and 14). 

(II) If absorption is present and JtEs is not considerably higher 
than foE! the guess should be that the x component of the 
trace is absorbed and ftEa ==foEs. But under these conditions 
the identification is nearly always possible with the preceding 
rules so that uncertain cases are extremely rare. 

(III) If absorption is present and/A is considerably higher than 
/ojF the guess is that the x;-trace is present and hence ftEs — fxEs 
(Fig. 15). 

(IV) If at night absorption is present but no night E visible a guess 
may be made in an appropriate form using 


I.S.E.—M 
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Fig. 14. lonogram where fmirJP'x is difficult to identify. However 
ftEs must equal fxEa as absorption is very small: night conditions, 

rule (g) (I). 



































Fig. 15. lonogram with rather high value oiftEs (5-2 Mc/s) equal to 
fxEs after rule (g) (III). [In this particular case the cusp of the rc-trace 
appears at the beginning of band 4, so that rule (a) could be used.] 


Conclusion 

Summarizing these considerations it can be stated that in almost every 
really doubtful case the guess can be made that ftEg = fxEs. 

It seems that by applying these instructions (Piggott and Rawer 1961) 
during the last year the efficiency of practical Eg frequency parameters has 
been considerably improved. 
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The Occurrence of Sporadic E during the IGY 

H. I. Leighton, A. H. Shapley and E. K. Smith 

Central Radio Propagation Laboratory, National Bureau of Standards, Boulder, 

Colorado, U.S.A. 

Abstract—^This paper presents maps of total Ea occurrence and considers the 
temporal variations of the Es types observed on ionograms along a meridian chain 
of stations. 


I. Introduction 

The statistics of Es have been treated extensively by Smith (1957) and 
others for ionosonde data accumulated before the IGY. It is instructive 
to re-examine some aspects of the subject with IGY data both because the 
number of vertical-sounding stations reached an all-time peak during the 
IGY and because the international coordination for the IGY under URSI 
auspices tended to provide a more nearly homogeneous set of data from 
the world network of stations. Further, there was initiated for the IGY 
the first attempt on a world-wide basis to sort Es phenomena into more or 
less distinctive types, according to the appearance of the echo traces on 
the ionograms. 

This note deals with world map patterns of Es occurrence and with 
some diurnal and seasonal occurrence statistics of the separate types of 
Es at selected stations. The work is based upon tabular data provided by 
stations to the IGY World Data Centers. 

2. Geographical Occurrence of Total Sporadic E 

The maps of Figs. 1-6 have been prepared in essentially the same 
manner as those presented earlier by Smith (1957). The year 1958 has 
been divided into six time periods: day (06-18 LT) and night (18-06 LT) 
for the June solstice (May, June, July and August), the December solstice 
(November, December, January and February), and the equinox months 
(March, April, and September, October). 

In a few instances where data were not available for 1958, data for the 
corresponding period of 1957 have been substituted. The area between 
±10° in dip on the da3^ime maps has been hatched in order to exclude 
the equatorial “g'-type” sporadic E since the occurrence of g^-type Es (see 
Knecht and McDuffie) peaks in too narrow a geographical area to be 
properly represented on maps drawn to this scale. 
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JUNE SOLSTICE DAYTIME 
MAY, JUNE, JULY, AUGUST; 0600-1800 LT 
f ES > 5 MC 1958 



Fig. 1. Map showing per cent of time that JEs exceeded 5 Mc/s 
during daytime hours of the June solstice, 1958. 


JUNE SOLSTICE - NIGHTTIME 
MAY, JUNE, JULY, AUGUST; 1800-0600 LOCAL TIME 

f ES > 5 MC 1958 



Fig. 2. Map showing per cent of time that fEs exceeded 5 Mc/s 
during night-time hours of the June solstice, 1958- 
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EQUINOX - DAYTIME 

MARCH, APRIL,SEPT., OCTOBER; 0600H800 LT 

f ES > 5 Me 1958 



Fig. 3. Map showing per cent of time that fEa exceeded 5 Mc/s 
during daytime hours of the equinoctial months, 1958. 


EQUINOX NIGHTTIME 

MARCH, APRIL, SEPTEMBER,0CT0BER;I800-0600LT 

f ES > 5 Me 1958 



Fig. 4. Map showing per cent of time that fEa exceeded 5 Mc/s 
during night-time hours of the equinoctial months, 1958. 
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DECEMBER SOLSTICE, DAYTIME 
NOV., DEC., JAN., FEB.; 0600- 1800 LT 
f ES > 5 MC 1958 



Fig. 5. Map showing per cent of time that jfJS's exceeded 5 Mc/s 
during daytime hours of the December solstice, 1958. 


DECEMBER SOLSTICE NIGHTTIME 
NOV., DEC., JAN., FEB.; 1800-0600 LT 
f ES > 5 MC 1958 



Fig. 6. Map showing per cent of time that fMs exceeded 5 Mc/s 
during night-time hours of the December solstice, 1958. 
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The values shown beside each station in these figures represent the per 
cent of the time period during which/ jBs (the top frequency of sporadic E 
on an ionogram) exceed 5 Mc/s. The data were scaled from the CRPL-F 
series charts of Es occurrence. 

Of particular interest in these charts are the geographical areas where 
data have become available (in useful quantities) for the first time. One 
such area is Siberia. There now appears good confirmation that, as one 
moves around the line of maximum auroral occurrence, a maximum in 
night-time Eg occurrence is found over Canada and a minimum over 
Siberia. This effect is shown in the polar plots of sporadic E drawn by 
Smith (1957) but, since there were at that time no data available from 
Siberia, it could only be surmised that there was no corresponding peak 
over Siberia. A plausible explanation of this peak in the occurrence of 
sporadic E (and certain other arctic phenomena such as polar blackouts) 
has recently been given by Bellchambers and Piggott (1960) in terms of 
the concentration of auroral zone effects on the Canadian side of the 
auroral zone of the earth which also contains the magnetic pole. 

Another point of interest is the greater detail now available on the Far 
Eastern maximum in Eg occurrence. Additional detail can be seen by 
comparing the two June solstice maps of this paper with the ones by Smith 
in Chapter I of this volume. A tongue is now seen to extend from the Far 
Eastern maximum peak all the way to the Mediterranean. This is what 
one would expect if, as suggested by Smith and Finney (1960), this peak 
occurs in local summer in those areas where the geographic latitude is 
higher than the magnetic latitude. Expressed slightly differently this local 
summer longitudinal peak is expected to occur in the Northern Hemis¬ 
phere in those areas above, where the magnetic equator is farthest north 
relative to the geographic equator, (i.e. from the Far East to Europe). In 
the Southern Hemisphere the peak would be expected to occur to the 
south of the most southerly excursion of the magnetic equator (i.e. South 
America). These relationships can be pretty well seen in Figs. 1, 3 and 5 
where the magnetic equator is located in the center of the hatched area. In 
conformance with this consideration and the suggestion that sporadic E 
in temperate latitudes appears to be connected by the horizontal com¬ 
ponent of the earth’s magnetic field, Hy (Heisler and Whitehead 1960, 
Smith 1957, see Appendix III), one would expect the Far Eastern June 
solstice maximum should appear in the Southern Hemisphere in South 
America and Australia during the December solstice. This is seen to occur 
with a peak canted distinctly toward South America in Fig. 5. The hori¬ 
zontal component of the earth’s magnetic field is shown for comparison 
in Fig. 7. As Southern South America is not an area of high horizontal 
intensity, whereas Northern Australia is, it appears that both factors 
probably influence in this Eg peak. 



The Occurrence o£ Sporadic E during the IGY 


171 

As before (Smith 1957), the consistently low value of sporadic E in South 
Africa corresponds to the low value of H in that area. 


HORIZONTAL INTENSITY OF THE EARTH'S 
MAGNETIC FORCE 



Fig. 7. Map showing the horizontal intensity of the earth’s magnetic 

force expressed in oersteds. 


3. Variation with Sunspot Cycle 

A simple comparison for fEs > 5 Mc/s has been made for stations with 
data available both in 1958 (high sunspot number, high magnetic activity) 
and in 1954 (low sunspot number, low magnetic activity). A count was 
made for each time period of the number of stations where fEa > 5 Mc/s 
was more abundant in 1958 than in 1954. For each season in the daytime 
slightly more stations showed more Es in 1958 than 1954 (mild positive 
sunspot correlation). On the other hand, at night for each season slightly 
more stations recorded more Es in 1954 than 1958 (mild negative sunspot 
correlation). This result may be taken as one more piece of evidence that 
sporadic E by and large shows little dependence on sunspot cycle. 


4. Types of Ea 

Before 1956 the only Es parameters tabulated by the world network of 
vertical-sounding stations were the top frequency {fE^ and the minimum 
virtual height {h'Es). More detailed studies were undertaken as research 
projects, usually employing data for a limited area without opportunity to 
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test these with the world body of data (i.e. no worldwide consistency). 
Beginning with 1956, Es echo traces from stations in high latitudes were 
classified according to the recommendations of the report of the URSI 
High Latitude Committee. Beginning in 1957, Es types were recommended 
for all stations according to a modified scheme advanced by the URSI 
World-wide Soundings Committee (WWSC). (See Wright, Knecht, and 
Davies 1957). 

In most pre-IGY statistical studies of Es and the analyses discussed 
above, all Es types have been lumped together. It is instructive to examine 
some statistics of individual types both to explore whether the IGY typing 
scheme is physically meaningful and perhaps to give additional meaning 
to the lumped statistics. 

The classification depends on the appearance of the Es echo trace on 
the ionogram. For the IGY work, eight types were recognized; typical 
examples are given in Figs. 8 to 10. The types and where they are expected 
to occur are: 

h —(high), daytime only, (common in temperate latitudes) 
c —(cusp), daytime only, (common in temperate latitudes) 

I —(low), daytime only, (common in temperate latitudes) 

/—(flat), night-time only 
a —(auroral), (common at auroral latitudes) 
r —(retardation), (common at auroral latitudes) 
q —(equatorial), (common at low latitudes) 

s —(slant), always seen in association with another type, (occurs both 
at low and auroral latitudes) 

Figures 11 and 12 show the diurnal and seasonal occurrences, respec¬ 
tively, of each Es type at ten stations near the 75th West Meridian from 
Thule (geographic latitude 77°N) to the South Pole. The data refer only 
to the hourly ionograms. An allowance has been made for lack of oppor¬ 
tunity to observe Es echoes because of equipment difficulties (letter 
symbol C) and blackout (letter symbol B). When two or more types appear 
on the same ionogram, each occurrence enters into the statistics. 

Some interesting features of these figures are: 

(a) /-type at Thule, Ellsworth and the South Pole occurs mostly in 
winter (this being night-time in these areas). 

(b) /-type proves to be largely a morning and evening type as one 
approaches the equator. 

(c) /i-type is essentially confined to the lower latitudes of the temperate 
zones. 

(d) a- and r-types are localized to the auroral zone. 

(e) The mid-latitude summer maximum in total sporadic E is primarily 
due to c-type Es. 
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Es TYPES - EOUATORIAL ZONE 

Kig. 10. Sample ionograms showing Ee types which commonly 

occur in the equatorial zone. 







DIURNAL OCCURRENCE OF E* SEASONAL OCCURRENCE OF Eg 

TYPES AT TEN STATIONS IN 1958 TYPES AT TEN STATIONS IN B58 
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(f) g-type is restricted to the immediate vicinity of the magnetic equator 
and is a daytime, all year phenomenon. 

(g) J'type occurs at the magnetic equator (similar times as j-type) and 
in the auroral zone and polar cap. 

Any typing scheme has its drawbacks and the one developed by the 
WWSC should not be considered to be the last word. An example of one 
of these drawbacks can be seen in Fig. 11 for Panama or Talara where it 
is clear that the occurrence patterns for/- and /-types are complementary 
and if added together provide a much more sensible curve. 

Acki(miledpmt—Th.t analysis reported here was carried out under Grtmt 
Y/22.7/328 from the National Science Foundation to the National Bureau 
of Standards. 
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Sanford C. Gladden 

Central Radio Propagation Laboratory, National Bureau of Standards, Boulder, 

Colorado, U.S.A. 


Abstract—Using 200 station-months of data, the dependence of h'Es on season 
and geographic location was studied. The minimum virtual height of Ea was found 
to be generally greater for the /-type Es than for the Z-type Et. Some dependence 
of h'Es (for the /-type and c-type) on geographic latitude was noted, with lower 
heights at lower latitudes. No dependence of h'Es on sunspot number was found. 
For any study of h'Es, the investigation should be on the basis of Ea types, rather 
than on a composite value of hEa. 


A survey of existing information on sporadic-.^ phenomena has been 
prepared by Thomas and Smith (1959). In this paper, the authors stressed 
the importance of studying the phenomena by Es types rather than com¬ 
bining all Es occurrences into one representative quantity. The present 
author heartily concurs with this point of view. 

Since the type of Es has only recently begun to appear on punched 
cards at CRPL along with values of the minimum virtual height of Es 
(h'Es)i h has been necessary to transcribe manually the type of Es with 
the accompanying value of h'Es. Consequently, although the present study 
covers some 200 station-months of Es data, it is felt that considerably more 
data should have been included to make the conclusions more reliable. 

The stations included in this study comprise 27 stations either operated 
by the National Bureau of Standards or closely associated with it, and 
using the same or similar types of ionosondes. In addition, 14 other 
stations not under the supervision of NBS have been included. While the 
use of data obtained from stations not under NBS supervision may intro¬ 
duce some heterogeneity in the data, it was felt that their use would give 
a more rounded picture. 

The stations used include both northern and southern hemisphere loca¬ 
tions, from about 77°N geographic latitude to 90°S geographic latitude. 

One of the problems encountered in the use of these mixed data is that 
of non-homogeneous values of h'Es. At those stations operating under 
NBS procedures, h'Es is presently scaled to the nearest 1 km. At certain 
other stations, h'Es is scaled only to the nearest 5 km. Scaled results of all 
stations generally conform to the designation of Es types according to the 
classification of the URSI World-Wide Ionospheric Soundings Committee. 
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The Study has been mainly limited to data for the year 1958. For each 
month of this year, median values of h'Es for several types of Es were 
determined for four stations: Huancayo, Washington, St. Johns, and Thule. 
These data are shown in Fig. 1. From this study it was determined that 




HUANCAYO 



JFM AMJ s)A SOND 


Fig. 1. Monthly median h'Ea for 1958. 


h'Es for the horizontal type of night-time Es (/-type) was generally greater 
than that for the day-time horizontal type (/-type). At Huancayo, there 
was no appreciable difference in the value of h'Es for /-type, /-type, and 
<?-type Es. 

Three months of 1958—summer, equinoctial, and winter—^were 
examined for northern and southern hemisphere stations. These data are 
shown in Fig. 2. For the /-type and c-type Es^ there appears to be some 
dependence of median values of h'Es on geographic latitude, with lower 
heights at lower latitudes. Some dependence upon magnetic dip angle was 
noted with an apparent minimum value of h'Es at about 40® dip angle. 

There did not appear to be any dependence of h'Es for the /-type Es 
on geographic latitude or dip angle. Insufficient data were available for 
other types of Es to make even tentative conclusions. 


I.S.E.-N 
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Fig. 2. Dependence of h'Es on station location. 


Using 8 stations between 9°N geographic latitude and 51°N, median 
values of h'Es for c-type Es were averaged for the periods 08 00-09 00 LST 
12 00—13 00 LST, and 15 00—16 00 LST. The results are shown in Table 1. 


Table 1—^Average values of h'Es (c-type Es') for 8 stations (9° N-51" N) 



0800-09 00 LST 

12 00-13 00 LST 

15 00-16 00 LST 

July 1958 

116 

110 

115 

September 1958 

114 

113 

117 

December 1958 

118 

116 

1 117 

1 


The only definite result appears to be that for the period 12 00-13 00 LST 
there is a progressive increase in the mean value of h'Es from summer 
to winter. 

From a study of data from Huancayo, Washington, and St. Johns for 
the years 1957, 1958 and 1959, there did not appear to be any dependence 














^ Homas, ]. A. and Smith, E. K, (1959) J. Mpi ferr, Pl^s, 13,295. 
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Abstract—^The question of the dependence of sporadic E on tine sur»»P< 
been largely unresolved, with many investigators obtaining conflic^n 
In this chapter results are given covering daily-hourly values of 
years at three ionosphere-sounding stations, College, Washington 
chosen as representative of the three main sporadic-£^ zones. 
experienced a minimum of equipment changes and changes of locrat 
this period. Scaling procedures were monitored over the eleven yeWkTR 
quality-control group at the Nationsd Bureau of Standards. Th.e petric 
the highest yearly average sunspot number for over 200 years. 

Correlation coefficients for yearly count of fEa > 5 Mc/s vs- ye*®) 
sunspot number were foimd to be: College, —0*68 (daytime only, - 
ington, —0*52 (night only, —0’52); Huancayo, —0*42 (night ofil' 
Various hourly and monthly correlations were obtained. Of the 1 50 
coefficients listed in the paper, 144 are negative. 

An incidental outcome is the confirming of diurnal and seasonal 
in the auroral, north temperate and equatorial zones, making uses of l 
data than hitherto available. 


1. Introduction 

Many studies have been made (Wells 1946, Phillips 1947, IVlc 
Gipps 1951, Smith 1951, Matsushita 1953, Peterson 1954, Oavk 
Besprozvannaya and Lovcova 1956, Smith 1957) in an attempt 
whether sporadic E is more prevalent at the low or high part of tl 
cycle of solar activity. In general the results have been inconel 
instance, Phillips (1947) reported a negative correlation wit! 
number, at Washington, whereas Wells (1946) found no conai: 
tionship between sunspot number and sporadic E at Watherocj 
to 1944. Matsushita (1953) obtained at Huancayo a positive cor 
0*60 between monthly median daytime fEs and sunspot ntimb 
period August 1944-July 1952. Other reports f) have note 
ancies in longtime trends of sporadic E between Washington and 
However, the recent record-breaking maximum has given an o] 


* Report IRPL-F12, O.T.S., U.S. Dept, of Commerce, Wash., 1Q4' 
t Report IRPL-R35, O.T.S., U.S. Dept, of Commerce, Wash., 
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to compare frequency of occurrence of sporadic E at widely different levels 
of sunspot number. Furthermore, it has been possible to choose three 
representative ionosphere stations, in existence for an extended period of 
time, and presumably somewhat stable in manner of operation over an 
eleven year period. It was desired also to choose ionosphere sounding 
stations under the technical control of one organization. Change of equip¬ 
ment characteristics such as relative power emission and sensitivity of 
reception throughout the frequency range, as well as changes in inter¬ 
pretation of ionograms, would thus presumably be held to a minimum. (*) 
The three stations selected were Fairbanks (College), representative of a 
location where the auroral type of sporadic E is prevalent, Washington, a 
station in the temperate sporadic-£^ zone, and Huancayo, where equatorial- 
type Es is common in the day hours. Thus all three main sporadic-J? zones 
(Smith 1957, 72-93) are represented. Respective geomagnetic latitudes 
are 64°N, 50°N, and 1°S. 

The parameter chosen for study was the count of fEs > 5 Mc/s. By so 
doing, it was hoped to avoid contamination of the sporadic-J? count with 
scaled values which were really fE rather than fEsy as .well as to minimize 
any possible effect of i9-region absorption (Appleton and Piggott 1954). 

2. Uniformity of Data 

The equipment was changed at all three stations during the period 
covered by this report. Therefore, it was felt desirable to go back prior 
to 1952 for as few years as possible, and still have an eleven-year period 
somewhat representative of a particular solar cycle. 

2.1. Equipment Changesy 1949-1959 (Gladden 1959) 

Fairbanks: To March 1951, DTM automatic multifrequency 

ionosonde 

Since March 1951, CRPL Model C-3 
Washington: To July 1950, CRPL Model C-2 

Since June 1950, CRPL Model C-3 

Both C-2 and C-3 used in June 1950 
Huancayo: To December 1951, DTM automatic multifrequency 

ionosonde 

Since December 1951, CRPL Model C-3 

2.2. Change of Location 

Washington; To September 1949, Sterling, Virginia (39*0°N, 

77-5°W) 

Since September 1949, Ft. Belvoir, Virginia (38*7°N, 
771®W) 

* Report IRPL-R34, O.T.S., U.S. Dept, of Commerce, Wash., 1946. 
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There was no indication in the detailed data of any break in the type of 
scaled results because of the above, except possibly for Huancayo. Because 
of the necessity for normalization of certain Huancayo data (see next 
paragraph) it is believed that the Huancayo data are not so uniform in 
quality as those for the other two stations. 

2.3. Normalization of Data 

Because of an unusual amount of outage attributable to equipment 
failure, the count for the following months at Huancayo was normalized 
by multiplying by a factor of proportionality, or, for certain hours, was 
changed to more nearly correspond to average conditions: 

September 1949, May 1950, June 1950, August 1951, September 1951, 
November 1951, February 1959, April 1959. 

The count for the month of March 1959 was entirely empirically supplied, 
making use of diurnal and seasonal trends in adjacent months and for 
other years. The large correlation coefficient for March (Table 3) is thus 
suspect. However, omitting the month entirely and using only 10 years of 
March data reduced the coefficient only by —0*02 to —0*79. 

2.4. Change of Scaling Practice 

Up until the year 1957, values of fEs were recorded*; in 1957, 1958, 
1959, values of were scaledt- (At Huancayo,/ ojE^ was scaled for the 
first 4 months of 1949 as well). It was considered better to obtain values 
of correlation coefficients for unweighted and weighted counts of fEs and 
foEs > 5 Mc/s, rather than to attempt the formidable and extremely time- 
consuming task of deciding whether each individual value displayed on 
the original records really was foEg or fEg for the period during which 
foEs was scaled. In fact, a large number of values on the tabulation sheets 
were qualified by M%. 

3. Conventions Used in Obtaining Correlation Coefficients 

In obtaining coefficients such as in Tables 1 and 2, the count for the 
period when foEg was scaled, was obtained for foEg > 4-2 Mc/s at Fair¬ 
banks and Washington, and for foEg > 4*6 Mc/s at Huancayo. The count 

^fE»- Highest frequency on which echoes of the sporadic type are observed from 
the lower part of the J5-layer. (CCIR, Sixth Meeting, Geneva 1951.) 

f foEa". The ordinary wave top frequency corresponding to the highest frequency 
at which mainly continuous trace is observed. (First Report of the Special Com¬ 
mittee on World-Wide Ionospheric Soundings (URSI/AGI), September 1956.) 

f IVIeasurement questionable because the ordinary and extraordinary components 
are not distinguishable. (Second Report of the Special Committee on World-Wide 
Ionospheric Soundings (URSI/AGI), May 1957.) 
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Table 1—^Yearly count of/E^ > 5 Mc/s vs. yearly sunspot number, 

1949-1959 


Station 

Correlation 

Coefficient 

Fairbanks (College), Alaska 

-0-68 

Washington (Sterling, Va.; Ft. Belvoir, Va.) 

-0*52 

Huancayo, Peru 

-0’42 


Table 2—^Yearly count, selected hours, vs. yearly sunspot number 


Station 

Hours 


Correlation Coefficient 

Fairbanks 

0700-2000, 

150°W 

-0*63 

Washington 

1900-06 00, 

75°W 

— 0-52 

Huancayo 

1900-05 00, 

75°W 

-0-66 


was also obtained for foE,s '> 5 Mc/s at the respective locations. Three 
sets of coefficients were obtained, (1) using the count for /o£^s > 4-2 (or 
4*6) Mc/s, (2) assigning the count for/oJSs > 4*2 the weight 3, the count 
for> 5 Mc/s the weight 1, and (3) using an unweighted average. 
The coefficients became larger in absolute value (in the negative direction) 
in proceeding from (1) to (3). The coefficients shown in Tables 1 and 2 
are those obtained from process (2). 

For Tables 3, 4 and 5, two sets of coefficients were obtained, using 
process (1) and process (3). The coefficients shown are those obtained from, 
process (3). 

In addition, for Tables 3 and 4, comparison was made using smoothed 
12-month running average sunspot numbers as well, for both process (1) 
and process (3). There was little difference in results from the values shown 
in Tables 3 and 4, and no conclusions of this paper would be changed as a 
result of the use of average numbers. 

• 

4. Estimation of Sunspot Numbers for the 
Latter Half of 1959 

At the time of writing this paper, Zurich provisional numbers were 
available for July and August 1959. The following estimated numbers were 
used for September through December 1959: 

145, 139, 135, 130. 



Table 3—Monthly count vs. monthly sunspot number 
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Huancayo -045 -043 -0*62 -0-08 -0*50 -070 -0*29 -0-69 -049 -0-32 -0*68 -0*53 

* Fairbanks 0700-2000, 150'W time; Washington, 1900-0600, 75®W time; Huancayo, 1900-05 00, 75°W time. 
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'rable 5—Yearly couiit, by hours, vs. yearly sunspot number 



Station 

Hour 

Fairbanks 

W ashington 

Huancayo 


Correlation Coefficients 

00 

—0-78 

— 0-36 

-0-30 

01 

-~0'75 

-0-50 

—0-29 

02 

-0*74 

-0-43 

— 0-27 

03 

-0*73 

-0-35 

-0-39 

04 

^0-72 

—0-44 

—0*42 

05 

^-0*59 

— 0-50 

—0-70 

06 

-0*57 

-0-44 

—0-63 

07 

™0-46 

—0-57 

—0-51 

08 

-0*61 

-0-78 

—0-51 

09 

-0-60 

-0-52 

—0-50 

10 

-0-54 

—0-24 

—0-48 

11 

-0-56 

— 0-60 

—0-48 

12 

- 0-57 

—0-40 

— 0-44 

13 

- 0*55 

— 0-38 

—0-23 

14 

—0-56 

— 0-41 

—0-13 

15 

-0-48 

- 0-41 

4 0*11 

16 

- 0*65 

- 0-46 

4 0-22 

17 

0-67 

— 0-88 

4 0-39 

18 

- 0-76 

-0-72 

4-0*07 

19 

-0-84 

—0-69 

—0-91 

20 

- 0-88 

— 0-78 

—0*90 

21 

— 0-77 

-0-53 

—0-92 

22 

— 0-79 

—0-07 

—0-83 

23 

- 0*83 

-0-51 

-0-44 
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The Zurich provisional numbers, when available, turned out to be 

146, 140, 136 and 132 respectively. 


5. Diurnal, Seasonal, and Yearly Variations of Count 

Figure 1 shows the total count and percentage of fEs >■ 5 Mc/s for each 
year for each station. Also plotted is the yearly Zurich sunspot number. 



In Figs. 2 and 3, which show the diurnal variation in count and per¬ 
centage for the period of each of the three stations, the shaded portions 
represent hours of minimum count. For Washington and Fairbanks, they 
are hours for which the count is less than half the maximum count for 
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Fig. 2. Diurnal Variation, Count and Percentage of fEs > 5 !Mc/s, 

Huancayo, 1949—1959. 
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Fig. 3(a). Diurnal Variation, Count and Percentage of fEs 

Fairbanks, 1949-1959. 
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Fig. 3(b). Diurnal Variation, Count and Percentage oifEs > 5 Mc/s, 

Washington 1949—1959. 

any hour; for Huancayo, one-jfifth is used. They do not necessarily corre¬ 
spond to day or night hours. 

Figures 4 and 5 show percentages by months, both for all hours and for 
hours of minimum count. 

6. Diurnal, Seasonal and Yearly Correlation Coefficients 

They are presented, both for all hours and for hours selected as above, 
in Tables 1-5. 
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Fig- 4- Monthly Percentages oi fEs > 5 Mc/s, for All Hours, and for 
Hours of Minimum Count (shaded) 19 00-05 00, Huancayo, 1949— 

1959. 





Variations in Frequency of Occurrence of Sporadic jK, 1949—1959 191 



JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. 


(b) 

Fig. 5. Monthly Percentages of fEa > 5 Mc/s, for All Hours, and for 
Hours of Minimum Count (shaded) (a) 19 00—06 00, Washington, 

(b) 07 00-20 00, Fairbanks, 1949-1959. 

7. Discussion of Results: Conclusions 

In obtaining correlation coefficients between eleven pairs of variables, 
if there is no auto-correlation a coefficient of ±0*602 is significant at 
the 95 per cent level, and one of ±0*735 at the 99 per cent level. 
While there may be some auto-correlation in these series, it is believed 
to be slight, so that certain general statements may be made. The 
coefficients found undoubtedly fail to represent the exact relationship 
between the variables, in view of the above discussion of the quality and 
uniformity of the data, and the necessity for adopting certain conventions. 

(a) From Fig. 1 and Table 1 , it is clear that there is a negative correlation 
between occurrence oifEs > 5 Mc/s and sunspot number, for these three 
stations, and for the period 1949—1959. The correlation coefficient for 
Fairbanks may possibly be significant at the 95 per cent level. 
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(b) The diurnal variations, as was exf>ected, followed the pattern pre¬ 
viously observed many times for the three main sporadic-jE zones—auroral, 
temperate and equatorial (Smith 1957, 72-93). 

(c) The unshaded portions of Figs. 4 and 5 represent a nearly constant 
count in the cases of Huancayo and Fairbanks (equatorial and auroral 
types of /E's), but the seasonal variation is clearly shown for Washington. 
In this connection, it is of interest to compare the coefficients in Tables 1 
and 2. The correlation coefficient for the hours of minimum occurrence 
of fEs as defined above at Fairbanks remains possibly significant, at 
Washington there is no change, while at Huancayo it becomes significant, 
another indication of the well-known fact that equatorial-type sporadic E 
is a daytime phenomenon. Tables 3 and 4 give the comparison month-by¬ 
month. 

(d) It is of interest to apply the critical levels of 0-602 and 0-735 to 
the tables of coefficients. However, there is great uncertainty involved as 
to the accuracy of results. In Table 5 we find the largest coefficients in 
absolute value arranged in a pattern for Fairbanks (18 00-02 00) and 
Huancayo (19 00-22 00). For Washington, we have high coefficients at 17 00 
and 20 00, and the ones at 18 00 and 19 00 are also worth remarking. Finally, 
there is a minor pattern of high coefficients at 08 00 (Fairbanks and 
Washington) and at 05 00-06 00 (Huancayo). It is interesting that the hours 
of 19 00-22 00 at Huancayo represent the period when the equatorial hump 
in the ionosphere is present as shown by true-height studies (Wright 1959). 
Note that there is an abrupt change between the coefficient for 18 00 
(+0-07) and for 19 00 (—0-91). Why there should be this definite pattern 
of coefficients for these stations is hard to explain. 

(e) In Table 3 (all hours) the highest coefficients are for the month of 
March at Fairbanks and at ^Huancayo. If smoothed 12-month running 
average instead of monthly numbers are used, the respective coefficients 
are —0-87 and —0-80. At Washington the highest is for July, the corre¬ 
sponding coefficient using running averages being —0-83. No explanation 
is offered. In Table 4 (selected hours) there is no coefficient significant 
at the 99 per cent level. 

(f) There is a high positive correlation (-f 0-77) between the total yearly 
amount oifEs > 5 Mc/s at Fairbanks and at Huancayo. This is probably 
due to the large number of occurrences of high values of the auroral type 
at the former and of equatorial type at the latter station. 

(g) The ratio of total occurrence of foEs > 5 Mc/s to (JoEg plus /a/ 2) > 5 
Mc/s is essentially constant for 1957, 1958, 1959, at each of these three 
stations. 


* See Section 2.3. 
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For Fairbanks, the average ratio is: 0‘58 range 0‘05 

Washington, the average ratio is: 0-47 range 0-06 

Huancayo, the average ratio is: 0’92 range O'OS 

This means, for instance, that at Washington for these three years about 
53 per cent of the values of/<,£« > 4-2 were between 4-3 and 5-0 Mc/s 
inclusive. This result indicates that over this range of//j the value of 
“6” remained nearly constant in the expression 

logio|^j = Kh ~h) 
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Lunar Tidal Variations of Sporadic E 

S. Matsushita 

High Altitude Observatory, University of Colorado, Boulder, Colorado, U.S.A. 

Abstract—Large and obvious lunar variations of the sporadic E (Ea) occur in spite 
of a very small lunar effect in the S-layer. All previous works of the Es lunar tidal 
variations by various researchers and newly obtained results of these variations 
are described here and compared with the lunar tides in other ionospheric layers 
and with radio observations of lunar tidal winds in the JS'-layer. 

Behavior of the Es lunar tidal variations is different in middle latitudes (the 
zone in which IjB^j > about 0-3 gauss, where Bz is the vertical component of the 
earth^smain magnetic field), low latitudes (about 0*04 < \Bz\ < about 0*3 gauss), 
and particularly the magnetic equatorial, zone (iB*] < about 0*04 gauss). 
These different behaviors of the Es lunar tidal variation is explained theoretically, 
taking into consideration vertical upward drift motions of charged particles due to 
the lunar geomagnetic current system and a lunar equatorial electrojet. 


1. Introduction 

Periodic oscillations of ionospheric parameters, such as height and 
electron density, plotted with respect to lunar time, have been called the 
ionospheric lunar tide, which name has come from the analogous oscillation 
of the ocean and the surface atmosphere. The main period of this iono¬ 
spheric lunar tidal oscillation is, of course, 12 lunar hours or the semi¬ 
diurnal oscillation. 

Two main methods have been employed for the analysis of the lunar 
tide. The first method is described in detail in Chapter 8 of Geomagnetism 
by Chapman and Bartels (1940). Residual hourly departures from the 
monthly mean values of ionospheric data in solar time are arranged in 
lunar time reckoned from lower transit, counting 25 solar hours to a lunar 
day, and an average variation with respect to lunar time during one lunar 
month is obtained. After repeating this process and removing a non-cyclic 
variation, an average variation with respect to lunar time during each 
season or several lunar months or years is expanded in a harmonic series; 
the second harmonic indicates the semi-diurnal lunar variation. Its phase, 
t 2 i indicating a lunar time at which the maximum variation occurs, and 
its amplitude, P 2 , which is one-half of the total variation, are used for the 
presentation of the results. The weight of each determination is roughly 
proportional to ^/ny where n is the number of months’ data examined.' 

The second method is due to Chapman and Miller (1940), and its 
practical application in detail is described by Tschu (1949) and corrected 
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by Chapman (1952). In this method the ionospheric data are divided into 
12 lunar age groups. The 12 sets of average values, or sequences, of the 
data in each lunar age group show an ionospheric variation with the lunar 
age; an overall average value, or sequence, obtained from all these 12 sets 
may indicate an ionospheric lunar variation after the expansion in a 
harmonic series. In both methods we need, of course, a careful study of 
probable errors involved in the analysis. For this purpose, harmonic dials 
and probable error circles or ellipses are often provided in a similar way 
as is discussed in Chapter 19 of Geomagnetism. 

It should be emphasized here that in the ionospheric atmosphere neutral 
particles are much more numerous than charged particles and that the 
latter do not always follow the former’s group motion due to the gravita¬ 
tional pull of the moon because of the effect of electric and the earth’s 
magnetic fields. The lunar tidal variation in the ionosphere calculated by 
the above mentioned methods using ionospheric data obtained by radio 
waves indicates lunar variations of only charged particles and does not 
directly indicate that of neutral particles. Thus, for the explanation of 
lunar tides of the Est drift motions of charged particles due to both electric 
and magnetic fields should be taken into consideration in addition to lunar 
tidal motions of neutral particles estimated from geomagnetic variations. 

2. Observations of the Es Lunar Variations 

Observed data of the Es by vertical-incidence ionosondes are not always 
very accurate and meaningful, because they are influenced by sensitivities 
of different ionosondes and also by the absorption of radio waves in the 
lower ionosphere. Moreover, the “critical frequency”,cannot always 
indicate the maximum electron density and is sometimes ambiguous, such 
as in the equatorial Es {Es-^. However, hoth.foEs and h'Es are not meaning¬ 
less parameters of the Es if they are treated carefully. In fact, careful 
statistical studies of these data give rather reliable results of large lunar 
variations of the Eg. 

Matsushita (1952, 1953a) first found that the Eg in middle latitudes and 
the magnetic equatorial zone shows obvious lunar variations and suggested 
that this phenomenon may throw some light on the estimation of the Es 
structure. He established that occurrence frequencies of large value oifoEs 
and of weak or nonexistent Es clearly depend on lunar time (see Figs. 1 
and 2), and also that values of foEs and even WEs indicate semi-diurnal 
lunar variations. 

Figure 1 shows average occurrence frequencies of foEs larger than 
10 Mc/s observed at Kokubunji, Tokyo, in summer according to lunar 
time. Occurrence frequencies of G- and ^'-letter symbols in the /oi?# data 
obtained at Kokubunji, Brisbane and Huancayo are shown in Fig. 2 as a 
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Fig. 1. The thick line is average occurrence frequencies in each 
lunar time of the/oJE's hourly values larger than 10 Mc/s observed at 
Kokubunji for the summer months of 1949—1951. Almost all errors are 
contained in the band between the two thin lines. 

function of lunar time. The G-symbol is used in the daytime, the .E-symbol at 
night, and both indicate absence of Eg or small foEs less than the minimumused 
radio frequency of ionosonde. The G-symbol also may mean that the Es 
is blanketed by the normal A^-layer. Then Fig. 2 indicates that low values 
of foEs or nonexistent Es often occur at about 02 00 and about 14 00 hr lunar 
time, at which times high values of foEs occur less frequently, as seen in 
Fig. 1. Also, the lunar time at which high values of foEs often occur is 
the time at which low values of foEs occur less frequently. Thus the 
phenomenon indicated in Fig. 1 is consistent with that in Fig. 2. Accord- 
ingly, we can verify that the Es has a semi-diurnal lunar tide even from 
occurrence frequencies. 

Average lunar variations of foEs obtained at Slough, Washington, 
Kokubunji, Brisbane and Huancayo are shown in Fig. 3, and harmonic 
dials are presented in Fig. 4. The lunar variation of foEs in the magnetic 
equatorial zone was also obtained by Wright and Skinner (1959) for 
Ibadan, and Fig. 5 is the harmonic dial of their results; a seasonal variation 
can be seen. They also obtained a semi-diurnal lunar variation of the 
apparent partial reflection coefficient of Es at solar noon. This parameter 
is free from the objections to foEs data, since the effect of absorption is 
largely eliminated by comparing the amplitude of the Eg and the F2 
reflected echoes, and the equipment sensitivity is monitored daily. The 
phase of lunar tide of this parameter agrees quite well with that oifoEg. This 
suggests that foEs is a reliable indicator of lunar tidal variations of the Eg^ 
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Fig. 2. Average occurrence frequencies in each lunar time of the G- 
and jE'-symbols in the Es data (which indicate very low values of 
foEs or nonexistence of Es) at Kokubunji (the full and chain lines 
represent summer and winter months of 1949-1951 respectively), 
Brisbane (summer months of 1950—1952), and Huancayo (all 
months of 1951). The ordinate graduates downward. 
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Fig. 3. Thick lines are average lunar variations of JoEs at Slough 
(1950-1951), Washington (1949-1951), Kokubunji (1949-1951), 
and Brisbane (1950-1952), for summer months, and at Huancayo 
for southern solstitial months of 1951. The thick broken line is for 
(200 A/oE'a/Median foEs) in per cent at Kokubunji. Almost all 
errors are contained in each band between the two thin lines. 
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Slough Washington 



Fig. 4. Harmonic dials and probable error circles of semi-diurnal 
lunar variations of foEs for Slough, Washington, Kokubunji (left) 
and Brisbane, in summer, and for Huancayo in southern solstitial 
months of 1951. The dial in the right middle is for (200 A/ojB,/ 
Median foEs') obtained at Kokubunji. Squares, triangles, and dots in 
dials, except for Brisbane, indicate results obtained from the data 
of 1949, 1950, and 1951, respectively; crosses are mean values. 
Triangles and dots in the dial for Brisbane show results from the 
data of summer months 1950-51 and 1951—52, respectively. 
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Fig. 5. Harmonic dial of semi-diurnal lunar variations of foE 
obtained at Ibadan by Wright and Skinner (1959). Each point repre 

sents one month’s data. 
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As can be seen in Fig. 6, the lunar times at which the G- and JE'-symbols 
in the Eg data obtained at Panama Canal (geographic 9*4°N, 79-9°W) often 
occur are different from those in middle latitudes and the magnetic equa¬ 
torial zone. This indicates that the maximum of the semi-diurnal lunar 
variation of foEg at the former station in summer during the I GY occurs 
about three hours earlier than in the latter zones. Then we may roughly 
conclude that the phase of semi-diurnal lunar variation of foEg in middle 
latitudes is similar to that in the magnetic equatorial zone but is different 
from that in low latitudes. 




LUNAR HOUR 


Fig. 6. Average occurrence frequencies in each lunar time of the G- 
and £-symbols in the Ea data (which indicate very low values of foEa 
or absence of Ee) at Panama Canal in summer months (top) and 
winter months (bottom) during the IGY. The smooth curves are 
the second hannonic of the lunar daily variation of the occurrence 
frequency. The ordinate graduates downward. A phase shift is 

noticed between this and Fig. 2. 
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Fig. 7. Harmonic dial of semi-diurnal lunar variations of h'Es 
obtained at Brisbane by Thomas and Svenson (1955). A Individual 

months, % mean. 


Matsushita (1953a) obtained lunar tidal variations of h'Es for five widely 
spread stations using routinely published data, and Wright and Skinner 
(1959) obtained lunar h'Es variations for Ibadan using daytime data which 
were carefully scaled on routine ionograms. Thomas and Svenson (1955) 
examined the lunar tide of EEs for Brisbane using special night-time 
measurements (see Fig. 7), and Swarm and Helliwell (1956) studied it for 
Stanford using a special technique of height observation. Gazzard (1958) 
made a similar analysis of Brisbane h'E2.s data for 1952—1953 and obtained 
T5 km and 1-5 hr for amplitude and phase. E2s is a sporadic jE" which 
appears at about 140 km in Australia, but it is not internationally accepted. 
The E2s result cannot be compared with other results of the Es. 




Lunar Tidal Variations of Sporadic E 


203 


All studies of semi-diurnal lunar variations of foE$ and h'JSs are compiled 
in Table 1. In middle latitudes and the magnetic equatorial zone the 
maximum of the/olS^ semi-diurnal lunar variation occurs at 07 00-08 00 hr 
and has an amplitude of 0'2-0-4 Mc/s. The maximum of k'Eg lunar tide 
occurs at 06 00-07 00 hr in both middle latitudes and the magnetic equa¬ 
torial zone, but the amplitude in the latter zone is much smaller than that 
in middle latitudes. Then we may conclude that the behavior of the lunar 
tidal .variation of the is slightly different in the three zones, middle 
latitudes, low latitudes and the magnetic equatorial zone. 

In order to compare the semi-diurnal lunar variation of the JEs with 
that in the £^-layer. Table 2 is provided, in which all previous results of 
the variation in the i^-layer are compiled. Since the maximum electron 
number density, Nm, can be obtained by 

Nm = 1’24 X lO^/o^, here/o is in Mc/s, 

(200 A/o/Mean/o) in Table 2 approximately indicates (AAT'^i/Mean Nm) in. 
per cent, where A indicates the difference from the mean value. There 
can be seen a six-hour phase lag of h'E between Slough and Canberra, 
which was an important fact in Martyn’s theory (1948) of ionospheric 
lunar tide. However, these early observations of the JS-layer unfortunately 
include both the E and the Es in the data. Since the Es has a remarkable 
lunar tidal variation, it should be carefully excluded from the E data, in 
order to study only the E lunar tide. The study at Ottawa in Table 2 took 
this fact into consideration but showed an uncertain result, as is indicated 
in the table. Thus the real existence of a lunar variation of the E-layer 
cannot yet be taken as established, although Harnischmacher (1955) men¬ 
tions that there remains a small lunar influence in the £^-layer when the 
effect of season, solar activity and solar local time are removed. It is very 
interesting that the Es has large and obvious lunar variations in spite of a 
very small lunar effect in the JE^-layer. Matsushita (1962) thoroughly 
reviewed lunar tides in all ionospheric layers and concluded that except 
for Es only the i?’2-layer has obvious lunar variations. The amplitude 
of lunar variation of foEs is larger than that of foF2y although the ampli¬ 
tude of the h'Es lunar variation is smaller than that of the F2 height 
variation. 

Observed results of lunar tidal winds in the jB-region by radio fading 
methods are all collected in Table 3. There is one more report by Harnisch¬ 
macher and Rawer (1958), who observed the direction of the J5-region 
motion at Freiburg in the fall of 1956 and 1957 with the fading method and 
established that daily variations of the direction of the motion vary with 
the lunar age. These observed results are discussed in the next section 
from the view of lunar tidal winds directly reponsible for geomagnetic 
lunar variations and indirectly for the Es lunar variations. 



Table 1—Semi-diurnal Ivmar variations of the Ei 
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Table 2—Semi-diurnal lunar variations of the £-layer 
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Lunar Tidal Variations of Sporadic E 
3. Theory of the Eg Lunar Variations 

All components of the geomagnetic variation field indicate a semi-diurnal 
lunar variation. The only reasonable explanation of this phenomenon is a 
dynamo theory. A coupling effect of the vertical component of the earth’s 
main magnetic field, and a horizontal wind system at about 100 km 
altitude in the ionosphere, due to the lunar tidal force in that region, causes 
an electric current system in this electrically conductive region; this electric 
current system may be the cause of the lunar magnetic variation. Based 
on geomagnetic data obtained at five stations, Pavlovsk, Pola, Zikawei, 



Fig. 8. Speculated lunar electric currents and lunar equatorial 
electrojet in the ionosphere at about 100 km altitude. These are mean 
for a lunation in equinoxes (left) and in northern summer (right). 
The current-lines are drawn at intervals of 1000 amperes. 


Manila, 1897-1930, and Batavia 1888-1890, Chapman and Bartels (1940) 
obtained a current system. However, this current system was not always 
satisfactory in comparison with actual lunar variations derived from each 
component of geomagnetic data. Using recently obtained results of lunar 
geomagnetic analysis and recently developed theories and values^ of the 
anisotropic electrical conductivities in the ionosphere, Matsushita (1962) 
suggested a new current system which is responsible for the semi-diurnal 
lunar geomagnetic variation (see Fig. 8). The following five points must 
be emphasized in regard to this current system: 
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(1) The meridian on which the center or focus of the oval current 
systems is located will be higher in summer than in winter. 

(2) In order to eliminate longitudinal inequalities, the best ordinate 
of the current system will be in the same way as was suggested by 
Matsushita (1960) for the solar quiet daily current system, Sq. 

(3) The intensity of the lunar current in summer will be about three 
times larger than that in winter, based on an analysis of lunar geomagnetic 
variations. 

(4) It is doubtful that the current system in the summer hemisphere 
flows over even 30° latitude in the winter hemisphere, such as is indicated by 
Chapman and Bartels. The boundary between current systems in the 
summer hemisphere and in the winter hemisphere usually seems to be the 
magnetic equator, in the same manner as in equinoxes. 

(5) During solar daylight hours, a lunar equatorial electrojet seems to 
flow in a narrow zone centered on the magnetic equator. This is an 
analogy with the equatorial electrojet in the solar geomagnetic variation 
due to high Cowling electric conductivity during solar dajitime. 

As an approximation of the current system shown in Fig. 8, except the 
magnetic equatorial zone, we may indicate a current function R by 

R — a X 10~® cos(2A -{- 150°)P| e.m.u., 

where a is the distance between the earth’s center and the layer in which 
the lunar current flows, P| is the Schmidt’s normalized spherical function 
and A is the lunar local time reckoned in angular measure. An estimation 
of the distribution of gas density and of other physical behavior with height 
based on rocket observations leads to 

Si = 6-9 X 10“9 e.m.u. and S 2 = 1*5 x lO-s e.m.u., 

where Si and S 2 are total Pedersen and total Hall conductivities, respec¬ 
tively (Matsushita 1953b). Except for the magnetic equatorial zone, then, 
we can calculate the electric fleld JE at different locations as is shown in 
Fig. 9, and also, we can obtain the southward and eastward components 
of the lunar tidal wind velocity, Vx and Vy, as follows : 

Vx = 1‘7 sin 6 cos 0 sin(2A -j- 60°) m/sec, 

and 

Vy =1*7 sin 6 sin(2A -j- 150°) m/sec, 

where d is the colatitude (for its detail, see Matsushita (1962)). This is 
smaller than the value of the lunar wind observed by radio waves shown 
in Table 3 but is at least 100 times larger than the surface lunar tidal 
wind (Bartels 1928, Chapman 1951) and has a remarkable phase lag. 

In the magnetic equatorial zone we have no dynamo electric field be¬ 
cause Bz = 0, accordingly, we need not pay much attention to the lunar 
tidal wind. Let the subscripts x and^ indicate the southward and eastward 
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components ftihd I be the total electric current. Since /a; 0 in this zone, 

Ea> 0. The sn the only electric field with which we are concerned is JE'y, 
and 

By ~ - AJ^/27rS3, 

where AX is. the northward component of the lunar geomagnetic variation 
due to the external field, and S 3 is the total Cowling conductivity. Taking 
AX/27r ^ Ci*5 X 10“5 sin(2A + 240°) e.m.u. based on results of AX ob¬ 
tained at Ifuancayo and Ibadan and S 3 e.m.u. gives 

Ey ~ 0-5 X 102 sin(2A -f 240°) e.m.u., 

which is adopted for the equator in Fig.. 9, 

TOTAL ELECTRIC FIELD FOR THE SEMI-DIURNAL LUNAR CURRENT SYSTEM 



LUNAR HOUR 


Fig. 9. Distribution of the total electric field for the lunar current 
system (equinoxes) in the northern hemisphere. The ordinate can 
also be shown by jB* as is indicated in Fig*. 8. 

These electric fields are an important factor in vertical drift motions of 
charged particles, since the vertical upward drift speed of electrons and 
ions, Wf in the £'-region can be represented by the following equations: 

In the zone away from the magnetic equator 

W = —cot <f>{elmi){vil(vi^ -h o)i^y)Ex + + ^epilp^Ey, (3.1) 

and in the magnetic equatorial zone 

IT = (^r "T €rpr^ll*^^Ey 
~ {(?»• + Crpr<rilcr2)l'^3}J^u' 


(r ~ i and e) 


(3.2) 
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Here the subscripts i and e indicate ions and electrons; mr, vr, and oir 
are the mass, charge (in e.m.u.), collisional frequency with neutral particles, 
and gyrofrequency of a particle of the kind of gas (i.e., ions and elec¬ 
trons) ; ^ is the magnetic dip angle; crx and <72 are the Pedersen and Hall 
conductivities; B is the earth’s main magnetic field; and 

pr — {lffnrVr){vr^ COS^ _J_ sin^ ^}, 

qr = {^{B){(Jtir^l(vr^ -f- cor^)} COS 

At altitudes lower than about 120 km the second term of the right side of 
equation (3.1) is much smaller than the first term. Thus we have 

W = —cot p(e{mt){vil(^vi^ -j- cx)i^y^Ex> (3*3) 

Equation (3.3) can also show vertical drift speeds caused by other current 
systems, such as the Sq current, when Ex is obtained from these other 
currents. The value of W caused by the Sq current is generally much 
larger than that caused by the lunar dynamo current, because Ex of the 
former current is larger than that in the latter current. However, even this 
large W caused by the Sq current affects little of the electron density in 
the jB-layer, which is almost in Chapman distribution. Then it is quite 
natural that we cannot establish the lunar variation in the jE'-layer due to 
the small lunar W. On the other hand large lunar variations of the E^t 
indicate that the way of formation of the Es, whatever it is, should be very 
easily affected by the lunar W. One possible estimation which satisfies this 
condition is that the Eg away from the magnetic equator is thin ionized 
layers or clouds formed by vertical drift motions of charged particles, 
which have a sharp upward decreasing gradient. Equation (3.3) can 
also be used for this vertical motion, and W, hence Ex, should have a 
sharp upward decreasing gradient: vertical wind shears may produce such 
Ex (Matsushita 1962). Thus a suggestion that vertical wind shears are the 
major cause of the Eg in temperate latitudes can be made for the explanation 
of the Eg lunar tides, while the same conclusion from other data has been 
reached by Whitehead (1961). Details are discussed in other articles of 
this book by Whitehead and by Matsushita. 

Let the drift speed responsible for the formation of the Eg in temperate 
latitudes be indicated by Wjsg, and another vertical drift speed caused by 
the lunar dynamo current system be indicated by Wl, both of which can 
be calculated by equation (3.3) using different values of Ex. Here Wsg 
sharply decreases with height, but Wl does not change much with altitude. 
Let it be assumed that Wsg distributes uniformly with lunar time. Since 
Wl is different at different lunar time, a superposed value of WjEg and Wl 
changes with lunar time and indicates the lunar variation of h'Eg. In the 
lunar dynamo current, the maximum of Ex, hence that of Wl, occurs at 
about 06 00 hr lunar time in the zone 6 ^ 45° and 0^135° (or \Bz | > about 
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0*3 gauss) as in seen in Fig. 9. Then the lunar variation of h'Es reaches 
the maximum at this time due to the effect of Wsg + Wl, and one or 
two hours later the lunar variation of foEs may reach the maximum. In 
the same way, due to the effect of TVjSji — W^z,> the lunar variation of h'Es 
reaches the minimum at about 00 00 hr lunar time, and that of f^Es 
reaches the minimum at 01 00—02 00 hr. It is also understandable from 
this effect that large or small values of /„Es often occur at the time of the 
maximum or minimum of the lunar variation of foEs, as is seen in Figs. 1, 
2 and 3 and Table 1. 

The maximum speed of TVz can be estimated as 2 to 4 per cent of the 
maximum* of Wbs- Then it is not difficult to explain the approximately 
0*2 Mc/s amplitude oifoEs semi-diurnal lunar variation and several hun¬ 
dred meter amplitude of h'Es lunar variation by this additional drift speed, 
Wl- For example, if Wl = 0*02 X 3 m/sec, the increased height of the 
Ms by Wl during three hours is 648 m, which is a proper value as is 
indicated in Table 1. 

In low latitudes the maximum of Exy hence the maximum of Wl, occurs 
earlier than that in middle latitudes as seen in Fig. 9. This will be the 
reason why the phase of lunar variation obtained at Panama Canal is 
different from the phase in middle latitudes. 

In a narrow zone centered on the magnetic equator, one type of Es, 
called equatorial Es {Es-q), is predominant during daylight hours and has 
a correlation with the intensity of the solar equatorial electrojet (Matsushita 
1951, also see the other article by the author in this book). As equation (3.2) 
can be applied to not only lunar but also solar equatorial electrojets, the 
vertical drift speeds, Ws-q, caused by the solar electrojet is proportional 
to the eastward intensity of the solar jet, Iy{S). Then the correlation 
between the Es-q and the jet-intensity, Iy{S), may indicate that the Es-q 
is correlated with Ws-q* Since the Es-q itself seems to be irregularities 
or disturbances involved in the solar electrojet (see Bowles and Cohen’s 
article in this book), it can be assumed that these irregularities, namely 
the Es-q, are caused by Ws-q- 

The Es-q often disappears around noon or early afternoon solar local 
time, if these times lie between 00 00 and 03 00 or between 12 00 and 
15 00 hr lunar time as shown in Fig. 10 (Matsushita 1955,1957). This is con¬ 
firmed by Egan (1960), and is consistent with a result obtained at Huancayo 
in Fig, 2, which indicates that low values of fJEs or absence of Es occurs 
most frequently at 00 00—03 00 and 12 00—15 00 hr lunar time. An 
explanation of the Es-q disappearance is as follows: 

The lunar electric current systems responsible for the lunar geomagnetic 
variation is superposed on the solar electric current system. The manner 


3 to 5 m/sec. See Matsushita (1962). 
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of superposition of these two currents depends on the lunar age. At new 
and full moon, for example, a westward lunar electrojet flows in the 
magnetic equatorial zone at 00 00—03 00 and 12 00-15 00 hr lunar time. 
Then the vertical upward drift speed of charged particles, due to the 

eastward solar electrojet, 1^(3), is weakened by the downward drift speed, 
— (Wl-q)j due to the westward lunar electrojet, — Iy{L), at these lunar times. 
Thus the Es-q due to Ws-q disappears by the weakening of the upward 
motion, namely by the effect of (TVs-q) — (tVz-q) caused by l3/(S) — Iy{E). 

This explanation was supported by Knecht (1959), who studied the 
variability of the time of first appearance of the Es-q in the morning solar 
time. If the explanation is correct, during new and full moon the contri¬ 
bution of the lunar electric current is such that it adds to the eastward 
flowing solar electric current during the solar early morning hours 
06 00-10 00 hr (i.e., (Ws-^ + (^L-q)); whereas during the first and third 
quarters the lunar contribution weakens the eastward flowing current during 
the solar early morning hours (i.e., (Ws-q) — (WL-q))^ Then the should 
appear earlier during the new and full moon and later at the first and third 
quarters, which was exactly the dependence obtained by him. 



Fig. 10. Dots on lower graph indicate solar and lunar times of sudden 
disappearances of the equatorial Es. Upper histogram indicates 
total number by lunar hour of such disappearances, which take place 

before 17 00 hr solar time. 

It is also understandable that the phase of lunar variation of foEg at 
Ibadan and Huancayo in Table 1 is 7*5 hr. because of the effect of 
(Ws-q) + (Wz^-q). The amplitude of the foEg lunar variation at these 
stations is a few per cent offoEg during solar daytime; Wz-q is also a few 
per cent of Ws-q^ It will also be due to -j- (Wz-q) that the phase 
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of h'Es lunar variation at Ibadan is 7 hr. The reason that the amplitude of 
lunar variation of the Es height at magnetic equatorial stations is smaller 
than that in middle latitudes is the different mechanisms of lunar variation 
of the Es between the two zones. • 

Different behavior of the Es lunar tidal variation in middle and low 
latitudes and the magnetic equatorial zone based on observations is thus 
explained, taking into consideration vertical upward drift motions of 
charged particles due to the lunar geomagnetic current system and a lunar 
equatorial electrojet, both of which are newly introduced. 

In conclusion, the author wishes to thank the Boulder Laboratories of 
the National Bureau of Standards for extending him their facilities under 
his appointment as a guest worker. The work reported here was supported 
by the National Academy of Sciences under grant NSF-09427. 
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On the Width of the Equatorial Belt 

R. W. Knecht and R. E. McDuffie 
National Bureau of Standards, Boulder, Colorado, U.S.A. 

Abstract—^This short paper reports an analysis of two years observations of 
equatorial sporadic E taken at a chain of vertical soundings stations in the vicinity 
of the magnetic equator in Peru. The results suggest that equatorial Es occurs in 
a belt having a width of about 700 kilometers which agrees very well with the 
width for the equatorial electrojet as deduced from geomagnetic observations. 


One of the least sporadic kinds of sporadic E observed at vertical 
incidence is the so-called equatorial or Huancayo type, now internationally- 
designated Es-q, Es-q occurs regularly during the daylight hours in a narrow 
belt close to the magnetic equator. Usually it is readily distinguishable from 
the other types of E^ seen on ionograms by several characteristics: 

(a) It is always largely transparent to probing radio waves; that is, it 
never blankets reflections from higher layers. 

(b) It usually shows a well-defined lower edge lying between 100-110 km 
with scattered and diffuse echoes above the principal echo. 

(c) In well-developed cases, the diffuse echoes are contained below a 
sharp upper boundary that starts at abput foE and increases in height 
with increasing frequency. 

(d) Multiple echoes are not observed. 

These features can be seen in Fig. 1, an ionogram taken at Huancayo, Peru 
at 08 00 on the 10th of December 1959, illustrating a typical occurrence 
of Es-q. 

Es-q has been shown to be related to the equatorial electrojet (Matsushita 
1951). Recently a lunar dependence has been discovered in both the times 
of early afternoon disappearance of Ea-q (Matsushita 1957) and of first 
appearance in the morning (Knecht 1959). Since lunar effects are pro¬ 
minent in equatorial geomagnetic variations and, hence, presumably in the 
electrojet as well, the association between Es-q and the electrojet is further 
strengthened by this discovery. In view of this association, determining 
the width of the equatorial belt in which Es-q occurs then becomes 
important as a means of estimating the width of the electrojet current 
system. 

During the International Geophysical Year, a chain of close-spaced 
ionospheric vertical sounding stations was operated in the vicinity of the 
magnetic equator in Peru and Bolivia. Participating in this cooperative 
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Fig. 1. Equatorial sporadic E (Es-4) as observed at Huancayo, Peru— 

0800 December 10, 1959. 


undertaking were the National Bureau of Standards, the Institute Geo- 
fisico de Huancayo, and the University of San Andres, La Paz, Bolivia. 
Certain particulars of the seven stations whose data have been used in this 
analysis are given in Table 1. 


Table 1. 



Geographic 
Latitude Longitude 

Geomagnetic 

Latitude 

Dip* 

Months of Data 
Used 

Talara 

84-6“ 

W81-3® 

N6-6° 

13° 

24 

Chiclayo 

S6-8 

W79-8 

N4-4 

9 

18 

Chimbote 

S9-1 

W78-6 

N2-2 


23 

Huancayo 

812-0 

W75-3 

SO-6 

2 

23 

Juliaca 

SlS-5 

W70-2 

84-5 

~2h 

3 

La Paz 

816-5 

W68-0 

85-0 

-5 

15 

Ilo 

817-4 

W71-2 

86-5 

-7 

4 


The months July 1957 through June 1959 were used in this study. How¬ 
ever, only the data from Talara, Chimbote and Huancayo were essentially 
complete for the 24-month period. This was because the ionosondes at 

* based on “Carta Geomagnetica del Peni^—epoca 1955.0, published by the 
Institute Geofisico de Huancayo, Peru. 
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Chiclayo and La Paz were moved to Ilo and Juliaca and operated at these 
locations during the early months of 1959 in order to get better geographical 
coverage to the south of the dip equator. 

Figure 2 shows the percentage occurrence of Es-q during the daylight 
hours (06 00-18 00 LST) as indicated on the hourly tabulations prepared 



0 20 40 SO 80 100 

PERCENTAGE OCCURENCE Es-q 
(0600-1800 LST) 


Fig. 2. Percentage occurrence of Es-q along the chain of vertical 
soundings stations. (Note that the right-hand scale refers to distance 
perpendicular to dip isoclines and not to station separation.) 

by each of the stations along the chain. The points plotted are average 
values determined from all of the data being considered. It can be seen 
that at Huancayo and Juliaca Es-q was observed on 77 per cent of the 
hourly ionograms between 06 00 and 18 00, at La Paz 54 per cent, at Ilo 
22 per cent, at Chimbote 18 per cent, and at Chiclayo and Talara only 3 per 
cent and 4 per cent, respectively. A smooth curve symmetric with respect 
to the dip equator can readily be passed through the observed points. It 
would appear, therefore, that the Es-q belt, at least at the longitudes in 
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question, during the period studied, has a “half-power” width of about 
1 r in dip (from to 5i°S) or, referring to the right-hand scale of the 
figure showing distance between the dip isoclines in this area of South 
America, about 700 km. This is a somewhat narrower belt than has been 
proposed by earlier workers using data necessarily obtained at more 
widely-spaced locations (Matsushita 1951, Smith 1957). Forbush, in an 
independent study of geomagnetic variations during the same period at a 
number of the same locations used in the analysis, assuming a uniform 
current density, has deduced an electrojet width of 660 km (Forbush 1960). 

In the course of this study of the occurrence of JEs at low latitudes, 
another effect was noted. Not only does the occurrence of JEs-q reach a 
peak in a narrow zone near the dip equator, but the occurrence of the 
temperate latitude variety of blanketing Ks is sharply reduced there; this 
reduction, to almost zero, occurring in an even narrower zone. For example, 
the occurrence of blanketing by Es to frequencies greater than 5 Mc/s 
was at least 15 times less prevalent at the two locations within 2J° of the 
dip equator than at the stations having dips of 5° or more. This observation 
tentatively suggests that the formation of temperate latitude Eg is strongly 
inhibited at locations where the magnetic field is within, say, 2° to 4° of 
being horizontal. 
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The Night-£ Layer 

G. A. M. King 

Geophysical Observatory, D.S.I.R., New Zealand 

Abstract—^The properties of the night-S layer are detailed under the headings 
“Geographical and Temporal Occurrence”, “Relation with the Aurora”, “Relation 
with Magnetic Activity”, and “The Ionization Profile”. The association with the 
aurora is very direct, and there is also a suggested association with the F-region; 
both are important for auroral theory. 

1. Introduction 

In addition, to the normal jF-layer, generated by solar photon radiation, 
there is observed a thick layer in the JS-region which is especially common at 
auroral latitudes. Canadian workers (Meek and Davies 1946) named this 
layer “night-F”, and the name has been adopted internationally {Annals 
of the IGY Vol. Ill Pt. I). A description and some excellent illustrations 
of night-F are given by Hanson, Hagg and Fowle (1953). 

We shall make a clear distinction between night-F and the F-layer at 
night which shows continuity with the daytime F-layer over sunrise and 
§unset (Watts and Brown 1954), The critical frequency of this latter layer, 
the normal F-layer at night, lies between 0*7 and 0*8 Mc/s at sunspot 
maximum and between 0*5 and 0*6 Mc/s at sunspot minimum in tem¬ 
perate latitudes, (W. S. Hough private communication). Only for a layer 
with critical frequencies significantly above these values will the name 
“night-F” be used. 

Another distinction which will be carefully preserved is that between 
night-F and sporadic F of type r. The latter behaves like a “thin layer”, 
producing neither retardation in notnblanketing of the i^region ; alinpst 
certainly, type r Es is due to echoes received obliquely from “clouds” of 
ionization. On the other hand, night-F is definitely a thick layer overhead, 
for there are no F-region echoes below/©F (night-F) and there is retarda¬ 
tion on F above/oF. This is a rather fine point of ionogram interpretation 
which often causes difficulty in routine readings. 

An attempt will be made here to deduce the properties of the night-F 
layer using the literature but interpreting and supplementing it by examina¬ 
tion of ionograms from various stations. 

2. Geographical and Temporal Occurrence 

The night-F layer can be found at any latitude except perhaps in the 
equatorial belt, but the higher values of critical frequency are confined to 
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auroral latitudes. I'hus, at a low latitude station like Rarotonga (geo¬ 
magnetic latitude 21°S) a critical frequency of 1*5 Mc/s will be exceeded 
only a few times a year, while in the auroral zone 1*5 Mc/s occurs every 
day and 4 Mc/s is common. This difference between high and other 
latitudes is made to appear more pronounced by the conditions of routine 
ionospheric recording; in temperate latitudes broadcast interference usually 
obscures everything below 1*6 Mc/s, excluding observation of practically 
all occurrences of night-jE; at high latitudes the interference is less, so 
that all occurrences above 1 Mc/s can be observed. 

Unfortunately, routine tabulations of ionospheric data are not suitable 
for studying the occurrence even at high latitudes, and present knowledge 
of the geographical distribution is meagre. 

The temporal behaviour has been studied at Kiruna (geomagnetic lati¬ 
tude 65°N) by Lindquist (1951a)—^his iVJ layer can reasonably be identified 
with night-jB. It seems that at this station, near the maximum of the 
auroral zone, the layer is most likely to occur near local midnight, but the 
occurrence is high during all dark hours. For comparison, Fig. 1 presents a 



OO 04 08 12 16 20 24 

hr 

Fig. 1. Scatter diagram of foE (night-F) at Hallett, June, 1958. 
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scatter diagram of foE (night--E) during a midwinter month at Hallett 
(geomagnetic latitude 75°S), a station inside the southLcrn. auroral zone; 
here the greatest occurrence is at 06 00 hr. Later, when the relation between 
night-and the aurora is discussed, it will appear that we should regard 
this kind of data with reserve. A point of interest is the appearance of 
night-jB during daylight hours, when its presence raises the values of foE 
above those expected for the normal iB-layer. 

Lindquist also considered the seasonal variation at Kiruna, finding 
maxima in March and November. There is need for a wider study of the 
seasonal pattern for stations at various latitudes. 

3. Relation with the Aurora 

The connection between night-and aurorae was summed up by 
Hanson, Hagg and Fowle thus: “Night-jB is certainly an exclusively 
auroral-zone phenomenon. During magnetic and ionospheric storms, the 
aurora may be seen well south and north of its normal location, and then 
night-jB may be seen within this extended zone. However, there does not 
seem to be a direct hour-to-hour correlation with aurora or other iono¬ 
spheric phenomena”. Lindquist (1951a, b) on the other hand presented 
examples in which the aurora was directly associated either with the NT 
layer (night-jB) or with auroral blackout, at the same time pointing out 
that NT appears before and after almost every blackout. The statistics 
which be presented, however, were only mildly suggestive of a connection 
between, the two phenomena. 

It is worthwhile to enquire into the reasons why statistical methods fail, 
and for this purpose we shall look closely at the data for Hallett, June 1958. 
The lower solid line in Fig. 2 gives the percentage occurrence of night-£^ 



Pig. 2. Frequency of occurrence of night- jB at Hallett, June, 1958. 

See text. 
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at each hour of darkness, using the numerical values already given in the 
scatter diagram, Fig. 1. Now, there are many reasons for not always 
entering a numerical value when the layer is present—reasons explained 
in standard reading terminology by the symbols, F, Ay By S or E — 

and it is only when there is neither a value nor a symbol that we can 
assume that the layer is absent. For example, among the thirty observations at 
17 00 hr there were five numerical values, but only for four of the remaining 
observations could it be said that there was no night-F; thus the greatest 
possible occurrence at this hour would be twenty-six. The upper solid line 
in Fig. 2 gives this greatest possible occurrence at each hour. The dotted 
line gives the greatest possible occurrence of values exceeding 1 Mc/s; 
i.e., the symbol E has not been counted. Obviously, the statistics based on 
numerical values only are almost worthless. 

The reasons for poor auroral statistics are the incidences of twilight, 
moonlight, and cloud. Because of these factors, it is necessary to take 
auroral data for the whole observing season to get meaningful values; 
therefore, the auroral and ionospheric data are not strictly comparable. 
The occurrence of aurora anywhere in the sky during the 1958 observing 
season is plotted on Fig. 2 as open circles (data from Hatherton and 
Midwinter 1960). In this example, the auroral and night-F statistics are 
not inconsistent with the hypothesis that the two phenomena are directly 
related. 

To establish a direct connection, it is necessary to examine a sufficiently 
large number of individual cases when the interpretation of both iono¬ 
spheric and auroral records is unambiguous. In a preliminary study of 
this kind, using data for May, 1958, at Hallett, K.J. Salmon and the writer 
found an excellent correspondence between overhead aurora and night-F; 
also, aurora low in the sky was accompanied by night-F at lower fre¬ 
quencies and greater virtual heights (unpublished study). 

It should be noted at this stage that type A aurora is not expected to 
correlate with phenomena in the F-region of the ionosphere, as it con¬ 
sists principally of the red OI emissions which come from F-region heights. 
However, the green OI line (5577A) and the negative bands of ionized 
molecular nitrogen are associated with aurora at F-region heights and the 
possibility suggests itself of a quantitative connection between night-F 
and the luminosity in one of these emissions. 

This possibility has been examined by Omholt (1955) working at Tromsd 
(geomagnetic latitude 67°N). He compared the zenithal auroral luminosity 
in the 4278A band of 1^2*^ with the critical frequency of an ionospheric 
layer which, from his careful description, we can identify with night-F. 
He found that the luminosity varied as the fourth power of the critical 
frequency, in agreement with a theory based on the recombination of 
electrons in constant proportion to the number of excited N 2 + ions. 
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Souider 22*30 27 Nov^ 1959 


Fig. 3. Low frequency ionogram at Boulder; 22 30, 27 November, 

1959. 

The occurrence of aurorae in middle latitudes allows us to establish the 
spatial relation between night-£^ and the aurora. Figure 3 shows a low 
frequency ionogram, covering the frequency range 0-05 to 2*0 Mc/s, taken 
at Boulder (geomagnetic latitude 49°N) on 27 November, 1959, when an 
aurora was visible in the northern sky. The critical frequency of the 
night-jE layer is T7 Mc/s, and the visible aurora was at least 200 km from 
the station. It appears, then, that the ionization in the JS'-region can extend 
a considerable distance on the equatorward side of the visible aurora; of 
course, the occurrence of night-jB at low latitudes establishes the same 
point. This conclusion is not at variance with Omholt’s findings, as the 
luminosity expected from a critical frequency of 1*7 Mc/s, using his 
dependence on is below the visual threshold. 

4. Relation with Magnetic Activity 

It is commonly accepted that auroral and magnetic activity go together. 
Therefore, we should expect to find a connection between night-J? and 
magnetic activity. In fact, from observations at very high latitudes we get a 
fairly clear picture of the relations between all three phenomena. 

Figure 4 illustrates two typical patterns of behaviour at Hallett. The 
first, from 07 15 to 08 00 U.T. (in the evening) shows a sequence of iono- 
grams including a brief period of auroral blackout which is preceded and 
followed by night-J?; the all sky camera photographs show the passage 
overhead of active aurora, and the magnetic record had a large bay with a 
range in H of 700 y. The second sequence does not have a blackout period 
but at 1855 has night-F almost to 7 Mc/s near the time that a bright 
system of auroral bands passed overhead; accompanying magnetic activity 
is slight (range in H, 80 y). Clearly the difference between these patterns 
depends on the height of the ionization associated with the aurora (ignoring 
here the possibility of low level ionization from X-rays). In the first case. 
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Fig. 4. Ionospheric, auroral, and magnetic records for two types of 
activity on 19 July, 1958, at Hallett. Times are U.T. 


the ionization extends down to levels where it causes ionospheric absorption 
and also where charge separation is enough to produce a large magnetic 
effect (Bless, Gartlein, Kimball and Sprague 1959). In the second case, 
the ionization is higher, so there is little ionospheric absorption and also 
charge separation is smaller, so that the magnetic effect is small. 

For the middle latitude example, we shall look again at the event of 
27—28 November, 1959. Figure 5 shows the horizontal magnetic records 
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Boulder,/oS (night-jE) at Fort Monmouth, and at Boulder on. 

J Ndh 

28 November, 1959. Times are U.T. 

from Fredericksburg (upper trace) and Boulder (lower trace). These stations 
are on the same geomagnetic latitude, but Fredericksburg is approxi¬ 
mately one hour fifty minutes in time to the East of Boulder. There is a 
striking similarity between the records except over the period 05 30 to 
07 30 U.T.; the difference is brought about by the fact that recovery from 
the negative phase occurred at both stations near local midnight. Iono¬ 
spheric records from Fort Belvoir, the station nearest to Fredericksburg, 
were unsuitable for studying night-jE because of broadcast interference, 
but records were available from Fort Monmouth, two degrees north of 
Fredericksburg and a little to the east. At Fort Monmouth, the auroral 
activity was overhead, and foE (night-JE) reached nearly 4 Mc/s; the few 
values of foE that could be read through the sporadic E are plotted as 
dots on Fig. 5 (the scale is inverted for easier comparison with the magnetic 
records). It can be seen that/oE decreased at about the time that magnetic 
recovery occurred at Fredericksburg. Excellent low-frequency ionograms 
were available at Boulder (Fig. 3 is the record at 05 30 U.T.), and they 
have been analysed between 00 00 hr and 07 30 hr U.T. to give N(h) 
profiles; the open circles in Fig. 5 give the total electron content of the 
E-region up to 150 km (inverted scale). The shape of the negative magnetic 
phase is approximately reproduced by the electron content curve, and 
again local magnetic recovery occurs at the same time as the decrease in 
night-E. It is interesting to note that the positive phase of the magnetic 
storm from 00 00 to 03 00 hr U.T. is also associated with increased E-region 
content. 


foE, Mc/s 
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This example suggests that the storm variations in the magnetic field are 
due to currents which flow mainly in the local ionosphere—for the first 
five hours of the storm the current system covered a zone of longitude that 
included both magnetic stations, and it decayed progressively from east to 
west, ending at the longitude of each station near local midnight. The 
behaviour of the night-J? layer is similar, suggesting that there is a close 
connection between night-.B and the ionization responsible for the changing 
magnetic field; of course, the connection certainly is not simple, and 
probably depends on the variation of collision frequencies with height, 
the pattern of atmospheric motions in the D and JS'-regions, and the electron 
density profile. 

5. The Ionization Profile 

Using the normal methods of N(h) analysis, we can derive the ionization 
profile when night-jB is present. For example. Fig. 6 is an ionogram taken 
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Adak 00.35 31 Mar. I960 


Fig. 6. Ionogram at Adak: 00 35, 31 March, 1960. 

at Adak on 31 March, 1960, at 00 35; the corresponding “real height” 
profile is given by the solid line in Fig. 7. There are two important assump¬ 
tions made in deriving this profile: 

(1) That ionization below h'E can be neglected. 

(2) That the electron distribution is monotonic up to the maximum of 
the F-region. 

With regard to the first, h'E is determined in this case by inability to 
record below 1 Mc/s; it is likely that the minimum virtual height, 145 km, 
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Fig. 7. Electron density profiles (h versus log fN) corresponding 
to Fig. 6- The solid line ^ves the monotonic profile; the dotted line 

includes a valley. 

on this record is well above the bottom of the ionized regions. Profiles 
deduced for a night-jE layer should not be taken too literally, unless foE 
is at least three times the minimum observed frequency. 

The assumption of a monotonic electron distribution is the only one 
which yields a unique ionization profile, and there is an infinite set of 
distributions with “valleys” between night-£' and F all corresponding to 
the original virtual-height curve; one of this set is shown by the dotted 
line in Fig. 7. In theory, use of the X trace from the jp'-region can limit 
the set of valley distributions to those which give a reasonably correct 
i?’-region profile, but practical diflaculties, especially the fact that the 
ionosphere is probably not horizontally stratified, usually prevent this 
refinement. 

There are five facts that give some information about the valley between 
night-jB and F : 

(a) Although the virtual-height curve most often tends to infinity at 
foEy there are times when it is clearly finite; in such cases, there can 
be no valley between E and F. 

(b) When observing conditions are suitable, we can see the Z trace of 
the jP-region after conversion in E\ this signifies that the valley is 
not deep. 

I.S.E.—Q 




228 


G. A. M. King 


(c) When the active aurora is a long way from the zenith, the JS'-layer 
is high and definitely continuous with F ; at times, it is difficult to 
know whether the layer should be called J? or a stratification of i^, 
especially when its minimum virtual height exceeds 200 km, but 
careful examination shows that these “high E” layers develop into 
the more usual night-jE" based near 100 km. 

(d) Some examples of night-^ are associated with a stratification of F 
(see Fig. 8). 

f 



Pt. Barrow 20.45 02 Dec. 1958 


Fig. 8. lonogram at Point Barrow; 2045, 02 December, 1958. 


(e) Limited analyses of both O and X traces indicate that the valley is 
probably full and that the distribution approximates a mono tonic 
function. 

It seems likely, then, that the night-F layer is thick, extending up to 
the jP-region, and there is a possibility that the ionization of the layer is 
associated with the F-region ionization. 

Before leaving the N(h) profile, it is as well to mention the effect of the 
night-F layer on the study of F-region storms; Theissen (1947), Mason 
(1958) and Haubert (1959) have mentioned its appearance during night¬ 
time storms at middle latitudes. Now, one of the commonest means of 
studying storms in the F-region is by the variation in virtual height, which 
at night is considered to approximate to the real height of the region. That 
this is quite wrong during disturbed conditions is apparent from Figs. 6 
and 7—^the minimum virtual height, h'F, is 503 km, while the real height 
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at 2 Mc/s is only 222 km, if we accept the monotonic distribution, or 
306 km, if we put in a very generous valley between E and F\ thus, most 
of the apparent change in h!F from normal conditions is due to a change 
in the jE-region ionization. While this may seem to be an extreme case, 
we must remember that few stations in middle latitudes can record satis¬ 
factorily below 1-6 Mc/s, and errors exceeding a hundred kilometres will 
be common. 


6. Discussion 

In the previous sections, we have examined some properties of the 
night-£^ layer. The most significant property is the quantitative connection 
with the aurora, and it is desirable that more experiments like that of 
Omholt’s be done to remove any doubts about the connection. A very 
powerful tool then becomes available for studying the aurora—one that 
does not suffer from the observational difficulties of optical methods (al¬ 
though it has difficulties of its own). Optical observations focus attention 
on localized volumes of high activity, such as arcs and rays, while obser¬ 
vations of night-JS' direct attention to activity spread over much larger 
volumes. This difference in emphasis gives us a wider field for testing 
theories of the aurora; for example, a satisfactory theory must account for 
the presence and detailed shape of night-^ on the low-latitude side of 
visual aurora—faint optical activity has been noted at the lower latitudes, 
but has never been prominent enough to demand explanation, while on 
the ionograms the night-jB is conspicuous. 

The study of night-^ also promises to yield a quantitative relation 
between the aurora and magnetic activity, amplifying the qualitative rela¬ 
tions that have been found (Meek- 1953, 1954, Heppner 1954, Bless, 
Gartlein, Kimball and Sprague 1959). However, as the magnetic effects are 
probably associated with the electron distribution near 100 km, the normal 
ionograms are not adequate to this problem; there is need for records of 
the highest quality extending down to 300 kc/s. The way in which the 
magnetic field changes are brought about is not clear, so there is need 
also for theoretical development. Unfortunately, during many periods of 
activity this study is hampered by ionospheric absorption. 

The possibility was suggested earlier that the ionization in the night-jE" 
layer is associated with the i^-region; if this were established it would be 
of paramount importance in auroral theory. Now, at low latitudes there is 
little doubt that the formation of night-£ depends on travelling dis¬ 
turbances in the JT'-region at night (see Fig. 9). We must ask, then, if this 
is also the case at other latitudes (Fig. 8 is a high latitude record) or whether 
there are really two types of night-£^, one associated with travelling dis¬ 
turbances and the other with the aurora. The writer inclines to the view 
that all night-^* is connected with the F-region. 
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Rarotonga 03.14 01 July I960 
Fig. 9. lonogram at Rarotonga; 03 14, 01 July, 1960. 


At the beginning, we distinguished between night-jE and the normal 
^-layer at night, using a somewhat arbitrary frequency criterion. The 
existence of the normal jB-layer at night is not wholly expected, as, if the 
rate of electron recombination obtaining at sunset were to continue into 
the night, foE would be much less than the observed values. Three ways 
of maintaining the normal E present themselves: 

1. The recombination rate is less at night because of a dual machinery 
(Mitra 1954). 

2. There is enough Lyman-a radiation scattered to the night side of the 
earth to create a layer; certainly, some is scattered (Kupperian, 
B 5 nram, Chubb and Friedman 1959). 

3. Ionization is continually supplied from the F~region. 

If the last alternative were correct (low-frequency ionospheric soundings 
at the dip equator will decide between it and the other possibilities), we 
may have been guilty of creating an artificial distinction between night-^F 
and the normal E at night. 

Finally, we note that some statistical studies of night-J? can only be 
done if reliable routine scalings of the layer become available. At present, 
some stations never report night-J?, some record it only if there be no other 
feature in the ^'-region, while others record numerical values but do not 
otherwise note the presence of the layer; it is rare to find satisfactory 
tabulations of night-F. Of course, there are many factors which complicate 
its scaling, but the layer has properties of sufficient importance to warrant 
the extra effort needed to produce good routine data. 
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A Theoretical Study of SporadicStructure 
in the Light of Radio Measurements 

Kazuhiko Tao* 

National Bureau of Standards, Boulder, Colorado, U.S.A. 

Abstract—^The theoretical aspects of the mechanisms of sporadic-i? reflections 
are described from both the standpoint of a thin layer and a scattering model. For 
the thin-layer model, thin dielectric layers which have various distributions of 
electron density are considered. It is also pointed out that the scattering theory for 
which an auto-correlation function of the fluctuation of electron density is given 
by modified Bessel functions of the fourth through the seventh order is an available 
model for sporadic-J? scatter. Moreover blobs of ionization which have a horizontal 
scale of the order of 200 m and a vertical scale of about 50 m are considered for 
sporadic- jE scatter. The frequency and distance dependences of the oblique v.h.f. 
propagation by means of the sporadic-JB layer are discussed by comparing the 
theoretical results with experimental evidence. 


1. Introduction 

We have seen that there are several types of sporadic- jE delineated by 
their differing diurnal or seasonal occurrence times or latitude variation 
(Smith 1957). Some types of sporadic-J? echoes on ionograms have the 
appearance of reflections from a thin layer, and other types suggest the 
scattering mechanism. In this paper, we shall confine our attention to 
sporadic-E" echoes which are frequently observed in middle latitudes. 

The theoiy concerning a thin layer which has a cloud-like form is 
described in Section 2 and a sporadic-jE model is given in Section 3 from 
the standpoint of scattering theory. Distance and frequency dependences 
of sporadic-^^ propagation are stated in Sections 4 and 5 together with a 
comparison of theoretical with experimental results. In Section 6 a relation¬ 
ship is derived between foEa and the measured field strength observed 
over an oblique v.h.f. propagation path during periods of sporadic-jE 
enhancement. 


2. Thin Layer Model for Sporadic E 
2.1 Outline of the Model 

Measurement of the electron density within the sporadic-.E layer has 
shown that relatively sharp variations in the gradients of electron density 

* On leave from Radio Research Laboratories, Japan. 
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exist in both the horizontal and vertical directions. Although the theory 
of reflection from a thin ionized layer has been developed by Hartree 
(1929), Booker (1938), Rydbeck (1942, 1946) and Rawer (1939), another 
treatment will be developed in this paper. We shall postulate many thin 
dielectric layers in the JF-region which have limited extent in the hori¬ 
zontal direction. The basic idea for this model was developed by Friis, 
Crawford and Hogg (1957), in order to explain the persistent tropospheric 
field strengths beyond the horizon. We shall apply this concept to the 
problem of sporadic E, 

According to diffraction theory, if a layer has a reflection coefficient /j, 
the received power is given in the form, 

= ( 2 . 1 ) 

where Pt is the transmitting power, At and Ar are the effective areas of 
transmitting and receiving antennas, d is the distance between the trans¬ 
mitter and receiver. This relation is appropriate when the following con¬ 
ditions are satisfied, 

h > a > (2.2) 

where 0 is the grazing angle to the layer and a and b are horizontal dimen¬ 
sions as shown in Fig. 1. 


Transmitting 

point 






Receiving 
J point 


Fig. 1. Geometry of a thin layer model. 
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2.2 Calculation of the Reflection Coefficient 

Let us assume that the layer is composed of many thin layers whose 
dielectric constants differ one from their neighbors by an increment Ae. 
Provided that 1 > ^ the reflection coefficient of the boundary be¬ 

tween thin layers is given in the simpler form for both polarizations. 



(2.3) 


We shall next assume the vertical distribution of electron density in the 
sporadic-^" layer to be in the following form. 

.rn. 


N=N- 


max 


{' - © 


n 


1,2,3, . 


(2.4) 


where AA is a half-thickness of the layer. 

This distribution of electron density is shown in Fig. 2 as a parameter 
of various values of n. If we put » = 1, this is a parabolic distribution. 
In rationalized MKS units, the dielectric constant is given in the following 
form for the ionosphere, neglecting the effect of collisions and of the 
earth’s magnetic field, 

, Ne^ 

€ == 1 


if we put 


fN^ 


7n€QCO^^ 


47r»Zeo ^ 

the dielectric constant for the observing frequency / is in the form, 


P 






aa; /• 


(2.5) 


The reflected field from any incremental layer is obtained by considering 
the phase difference 




.(47TZ\ . 


dEr = dpEi exp | j sin B | d.^ 


? . 


( 2 . 6 ) 


Differentiating (2.5) with respect to z and inserting this into (2.6), we get 

The complete reflected field (/ >• fjsi) is obtained by integrating the reflec¬ 
tions from all increments within the layer 


Er — n 


fPEt 

/a(A;i)2«02jo 




47r-^\ . 


Isin d 


/ 




( 2 . 8 ) 
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( 2 . 9 ) 
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The total reflection coefficient is defined as follows 


P 



( 2 . 10 ) 


In order to calculate the received power from the formula (2.1), it is 
convenient to use the reflection coefficient expressed as a power ratio. 

If we put L = 47r sin dAhfX in (2.9) and let ^ = w — m, is expressed 
in simpler form 


fN^n^[{2n - l)i]a 


r ,, ^ LsinLX 


+ 1 
( 2 . 11 ) 


Therefore the received power is obtained by combining formulae (2.1) 
and (2.11). 


3. Scattering Model for Sporadic E 
3.1 Outline of this Model 

Some types of sporadic Ey particularly those which are frequently 
observed during evening hours in middle latitudes, have many features of 
scattering phenomena. This scatter would be due to the irregularities of 
electron density occurring in the lower ionosphere. Recently Booker (1959) 
has suggested that the phenomenon of sporadic E can, in some cases, be 
explained from the standpoint of scattering theory. The phenomenon of 
sporadic Ey however, generally appears to have a denser concentration of 
electron density than the normal scattering phenomena. For this reason, 
it seems inappropriate to use the auto-correlation functions which are 
used to account for the normal scattering phenomena. Let us at first 
consider a generalized auto-correlation function of the electron density 
for the scattering model of sporadic E. We shall take the following 
correlation function 

Cn(p) ~ C'(O) ^ “ 7 

where Kn{p) is the modified Bessel function of the second kind of order n 
and r is the gamma function. C(0) is the time variance <(A 7 z) 2 > of the 
refractive index n of the atmosphere and I is the scale of turbulence. This 
correlation function was derived by Muchmore and Gallet (private com¬ 
munication). If we put == ^ in the above formula, we can derive an 
exponential correlation function which was derived by Booker and Gordon 
(1950). Also the modified Bessel function of the first order is obtained in 
the case of « == 1, which is used by Norton and his collaborators (Norton 
1956) in order to account for tropospheric scattering. While considering 
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n=^ \ and w = 1 , we shall pay more attention to the higher orders of n 
in this correlation function. 

When is an integer, Kn{^ is defined by the equation 


77 

~ w-e(/>) — /ji-}-6(/5)}cot ire, 


where 


c-».o 2 


(3.2) 


/.W= E 

m— 


>w4-2m 


^o2«+2»*m! r(« +• 7/2 + 1)’ 


I-n(p) 


and which gives* 


00 n—n+2m 

y - 1 _ 

2-«+2»»m! r(—w + w + 1)’ 


Kn{p) = t E -r7~ 7o\-» 


1 )! ®o 

— + (-l)»+i 2 ^ {Iog(/>/2) 

OT !(» + w) I ^ fev / 7 


~ + 1 ) - + w + 1 )} , ( 3 . 3 ) 

where '¥(m + 1 ) = _y + (1 + J + J 4 . ... 

y = Iim{l + J + J+ ... 4 1 /m - logm} = 0-5772157 .... 

(Euler’s constant). 

The calculated curves of this correlation function (3.1) for various values 
of n are shovm in Fig. 3. In addition to these curves, the exponential 
and the Gaussian models are plotted in this figure. Models of the exponen¬ 
tial, the Gaussian and the modified Bessel function of the first order have 
been used so far in order to explain both the ionospheric and tropospheric 
scattering cases. Although these correlation functions are proper for the 
phenomena of normal scattering, they may not be appropriate for the 
scattering model of sporadic E which appears to have denser concentrations 
of electrons. There is also another trouble that the frequency dependence 
o sporadic-E" propagation may be difficult to explain from the correlation 
functions normally used in scattering theory. As will be seen from the 
figure, however, a correlation function of the modified Bessel function of 
higher order seems appropriate for the sporadic-jE" model. 


3.2 Scale of the Spovadic-E IwegulaTities 

It is necessary to note that the scale of turbulence which is represented 
in the correlation function (3.1) does not describe the scale of irregularities 

f expresses the usual scale of turbulence responsible 

for the normal scattering phenomena. So we must define the sporadic-T? 
irregularities from the correlation curves which are found in Fig. 3 . We 

^ cf. "Watson Theory of Bessel Function. 
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sha.ll consider a model wherein a sporadic-.^ cloud which has^ a large 
horizontal dimension contains a large number of small irregularities. 

Although there exists some confusion concerning the use of the word 
“scale’’ to describe the size of irregularities of electron density in the 
ionosphere, we shall define the “scale” of irregularities to mean the distance 
in which the correlation is reduced to a specified value, such as 0*5, 
in accordance with to Booker’s definition (1958). 

From the correlation curves shown in Fig. 3, the scale of the sporadic-^ 
irregularities, may be put in the form 

L = mly ( 3 *^) 

where I is the scale of normal turbulence and m is an arbitrary multipli¬ 
cation factor. If we take the correlation curve of re = 5 as^ an example for 
the scattering model of sporadic the correlation function decreases to 
the 0*5 value at a separation oi r = L ~ 3*5/. Therefore the scale of t e 
sporadic-jB irregularities has dimensions of m times (3 4 tunes) the 

scale of the normal turbulence. Numerical estimation of the scale of the 
sporadic-JS^ irregularities L will be given later. 
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3.3 Scattering Cross-Section 

The scattering cross-section is given by 

_ sin^ X ^X^njvl 

a 

sin2 xl^ 




where 


rrq 


0 


pCn{p)sm{qp)dp, 


(3.5) 


q = 2*/sin| s 1de,(,='% 
2 ' / 


B : scattering angle. 

Inserting (3.1) into (3.5) and remembering C(0) is set equal to 


( 


Ae\ 2 


-) )h 

cross-section is obtained in the form (see for example Norton 

1956, 1960). 


CTfi 


-j ^r(w -f- f)sin2x|l 


+ 


2\-(n+B/2) 


\47tI sin OjZ 


:]’l 


22'>+'‘Y'wr(re)ft2»-i/a»>(sin ff/2)2»+3 


(3.6) 


where x is the angle between the direction of scattering and the direction 
of the incident electric field. 

If we put n ~ ^in the above formula, ai /2 is obtained in the form (when 
the scale of turbulence is large compared with the wave length) 

<(A€/e) 2 >sin 2 X 

== -S eisin-e/2 ( 3 - 7 ) 

which IS the Gordon’s formula (1955) for the tropospheric scattering case. 

/r> derived by Booker for the ionospheric scattering case 

(Bailey 1952). * 

We have the relation of 


'"f)" 


{ A Y/AN\’‘ 


in the ionosphere, so, using the scale of sporadic-S irregularities, formula 
(3.6) is expressed in the form 


CTn 




mX 


2-] -(n+3/2) 


^ttL sin 6/2 j J 


22»+4yvr(»)(2ir/A)2®-ii2»(sin 9/2)2»+3 


(3.8) 
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The received power is obtained from the relation 


PthA 


jR2 sin ^/2 


cr»(0. A), 


(3.9) 


where b is the layer thickness and A is the effective area of the receiving 
antenna. 


3.4 Generalized Scattering Cross-Section in the Anisotropic Case 

Although the irregularities contributing to the normal scattering P|ieno- 
menon in the lower ionosphere can be considered isotropic ( oo er h 
the irregularities of sporadic E may have an anisotropic structure, such 
as an ellipsoidal shape, because the scale of the sporadic-.^ irregularities 
is larger than the scale of the normal turbulence. The scattering theory 
in an anisotropic turbulence has been developed by several researchers 
(Booker 1956, Staras 1955, Renau 1961). One may develop the scattering 
cross-section (3.8) in the case of anisotropic irregularities. The generalized 
scattering cross-section is given in the form 


—(W+3/2) 


On, 


22«+4V7rr(«);^2«-i(sin 0/2)2«+3 [(jLi 2 sin2 y 

-b cos2 y)sin2 0 + Ts® cos^ 


(3.10) 


where 

2k sin 6>/2 ^ ^ ^ £,32 cos^ a)]i/a 

^ m 

and Lu Ta, Lz are different scales of the sporadic-J? irreplarities in 
directions parallel, normal and vertical to the mean horizontal drift 
(assumed to lie in the direction of maximum elongation), y is the angle 
between the mean drift and the great circle plane. The angle between the 
plane containing the scattering blob under consideration and the great 
circle plane is denoted by an angle <I>. This generalized scattering cross- 
section has been also obtained by Norton (1960) for the tropospheric 
scattering case. 

If the sporadic- jB irregularities exist near the great circle plane, we may 
put O 0 and in such a case the formula (3.10) becomes 

-22«+<iv'’^r(n)**’>-ii3^*+®(sin e/2)2»+3 " 


(3.11) 
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Moreover we can get the scattering cross-section available for the scattering 
model of sporadic jB, by putting n = 5 into (3.11) and letting tw —■ 3*5 
as suggested earlier. 


trs = 1-03 X 102 


\N 




3-5A 


, 477 X 3 sin djl 


:) 


-13/2 


(27rX3/A)9L33(sin 6'/2)13 


(3.12) 


3.5 Relationship between Es Scattering and Normal Scattering in the. 

Ionosphere 

Although it has not yet been clarified as to what kind of mechanisms 
produce these sporadic-X irregularities, it is interesting to consider that 
these irregularities may have a close connection with turbulence produced 
by wind shear prevailing in this region. Gallet (1955) proposed a mechanism 
of stratification of sporadic E by considering the mixing process in a 
turbulent region. Recently Layzer (see his article in this book) has sug¬ 
gested that it may be necessary to consider very strong wind shears such 
as about 100 m/sec/km in order to maintain turbulent motion in this 
region and Aese wind shears may occur in a narrow layer of the order of 
1 km in thickness. If we consider such a jet-like high shear layer, this 
layer may be expected to act as a partial reflector or scattering source due 
to fluctuations of electron density produced by turbulent mixing. Also, the 
recent experimental evidence has shown that wind shear as high as 140 
m/sec/km exist in the 100 110 km region while, simultaneously, iono- 

fo^) sporadic E near the level of maximum shear (Storey 

AccOTdii^ to Gallet (1955), the fluctuation of electron density is pro¬ 
duced by the transport process. 




N 




/o mea^ the largest scale of turbulence in the layer. As the ambient day- 
r “ the -B region is iV s 10« cm-3 and the lay« 

ess 0 spora ic E may be considered to lie in ranges from a few 

^ meters, the value of (AAf/AT)® in the 

, ^ j unity to 10 r. Since the sharp gradient of the 

electron d^ity ^decrease with disappearance of the sporadic-J? clouds, 
he vdue of (ANJN)^ will also decrease to the order of 10-3 or 10-* corre¬ 
sponding to nor^ scattering. As the sporadic-jE clouds disappear or 
move o o er places, the high concentration of electron density in this 
repon decays to the normal state and therefore the number of n (» i 5 ~ 6) 
m the coirelation function wiU tend to smaU numbers such as « = 1. In 
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this case, as the irregularities are considered as isotropic, we can obtain 
the scattering cross-section from (3.6) by putting w == 1. 


0-1 — 1*17 X 


( 27 r//A)/(sin BjlY 


(3,13) 


X his formula represents the normal scattering case. Although there is still 
some ambiguity concerning the scale of turbulence in the ionosphere, we 
have taken a value of / = 15 m as the average scale of turbulence corre¬ 
sponding to v.h.f. forward scattering (/= 50 Mc/s) (Tao 1958). Booker 
(1959) has also recently suggested the presence of irregularities of the 
electron density with scales in ranges from 20 to 60 meters in the lower 
ionosphere. Several calculated curves of the basic transmission loss for 
the Es scattering and the normal scattering are shown in Fig. 6 by using 
the formulas (3.12) and (3.13). 


4. Distance Dependence of Sporadic-E" Propagation 

An experimental determination of distance dependence is shown in 
Fig. 4. This experiment was carried out, using the frequency of 49-68 Mc/s, 
in the summer of 1959 by the Radio Research Laboratories and K.D.D. 
(Japan’s Overseas Radio and Cable System) in Japan in order to examine 
the distance dependence of the sporadic-J? propagation with the coopera¬ 
tion of the NBS Central Radio Propagation Laboratory. The more detailed 
analysis of this experiment has been published in other papers (Tao, 
Sawaji, Sakurazawa and Yamaoka 1960, Miya, Sasaki and Ishikawa 1961). 

The transmitting point was Okuma, Okinawa, and the receiving points 
were Yonago, Akita and Hakodate in Japan. In addition to the summer 
(1959) data, we have added the observations at Hiraiso during the summer 
period of 1958. Distances between the transmitting point and each receiving 
point are shown in Table 1. 

The 10 per cent, 50 per cent and 90 per cent values of the statistical 
cumulative distribution of the Es signals are plotted in Fig. 4. Statistical 
results of foEs measured at the ionosonde stations in Japan during the 
same period are indicated in Table 2. 

We shall next examine this distance dependence from the theoretical 
point of view. The most appropriate theoretical curves for the experimental 
result are shown in Fig. 5 and Fig. 6 derived from the thin layer theory 
and the scattering theory described in Sections 2 and 3 respectively. As 
measurements indicate that the layer thickness of sporadic E ranges from a 
few kilometers down to 50 meters, curves pertinent to these ranges are 
shown in Fig. 5 and Fig. 6, and seem to fit the observations reasonably well. 



Table 1 
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Approximately 280m above the sea. 
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Table 2. 


lonosonde 

Station 

foEs (10%) 

foEs (50%) 

foE, (90%) 

Yamagawa 

10-5 Mc/s 

6*2 Mc/s 

3*4 Mc/s 

Kokubunji 

10*8 Mc/s 

6*4 Mc/s 

4*0 Mc/s 

Akita 

12-8 Mc/s 

7*2 Mc/s 

4*3 Mc/s 






f= 49-68 Mc/s 
Julyll- Aug.ll, 1959 


Wakkonoi « c 
y J 


Hakodate 


Akita />'< 




^ Yonago//x 


Hiraiso 


Yamagawax* 


• Receiving stations 
^ lonosonde stations 


Okuma 


Free space value 


Akita 


Hiraiso 


Hakodate 
• 50% 


90% 

Scatter signal 
5 


2000 2500 


3000 


Distance, km 

Fig. 4. Experimental results of the distance dependence of sporadic-E 

propagation 
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Layer thickness 

- H*300m 

-H = 1000m 

Thin Idyer' model 
n=5 

foEs“® Mc/s 
fa50 Mc/s 

'**'*'*''******»‘.«^ Free 

space value 


X 

X X 


scatter level 

t 

Yonago 

t t 1 

Hiralso Hakodate 


00 iOO 

Distance, km 

Fig. 5. Distance dependence of sporadic-jB propagation, (thin layer 


Er, field intensify, 1 /<v/in=Odb, Pt=lkW 
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Fig. 6. Distance dependence of sporadic-.^ propagation (scatter 

model). 

5. Frequency Dependence of Sporadic-J? Propagation 

It is well known that the scattered power in normal ionospheric scatter 
propagation is inversely proportional to about the fifth or sixth power of 
frequency (Booker 1959, Bailey 1955, Bray, Saxton, White and Luscombe 
1956, Wheelon 1957). Experiments show, however, that the frequency 
exponent increases in the case of sporadic E. It is reported by Davis, Smith 
and Ellyett (1959) that the median value of the frequency exponent in 
sporadic-jE propagation is 12 during summer time in 1955 and 17 during 
winter time. This experiment was carried out between Cedar Rapids and 
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Radio Propagation Laboratory in order to examine the frecjuency de¬ 
pendence of scatter propagation using five different frequencies, that is, 
approximately 30, 40, 50, 74 and 108 Mc/s, Blair (1959) reported on the 
frequency dependence of sporadic-J? propagation besides that of the 
normal scatter propagation. This experimental evidence is shown with a 
dashed curve in Fig. 8. An additional dashed curve representing normal 
scatter propagation is also plotted in the same figure. The curve shows that 
the signal enhancement due to sporadic £ diminishes rapidly with fre¬ 
quency when compared with normal scattering. 

We shall try to check this frequency dependence from the theoretical 
point of view. In Fig. 9 are plotted the theoretical curves derived from the 



Distance, km 

Fig. 9. Frequency and distance dependences of sporadic-.^ propaga¬ 
tion by means of the thin layer model. 
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thin layer theory with frequency (30 Mc/s, 50 Mc/s, 75 Mc/s) as a 
parameter and several layer thicknesses (100 m, 300 m, 1000 m) with fixed 
value of the critical frequency of Es {foEs =10 Mc/s) and an exponent 
of the electron distribution (n — 5). The corresponding calculation is 
given in Fig. 10 by using the scattering model. 



Distance , km 

Fig. 10. Distance and frequency dependences of sporadic-J? propaga¬ 
tion by means of the scatter model. 


Concerning the frequency dependence, the thin layer model which is 
described m this paper does not seem to be a good fit. The scattering 
model which has an auto-correlation function of the modified Bessel 
function of a high order seems to be preferable as will be seen from the 




Study o£ Sporadic-jE Structure in the Light of Radio Measurements 253 


formula (3.12) or Figs. 7, 8 and 10. From the scattering theory for 
sporadic E (i.e. equations (3.8) and (3.9)), we get 


Pr cc 


y(2n+5> 


If we take a high order value of n in the correlation function, that is, 
w = 4 ~ w = 7, we obtain 


Pt oc 





1 

f 19 * 


Therefore we can explain the frequency dependence of sporadic E by 
considering an auto-correlation function which has a very slow decrease 
with p (= rfl). In Figs. 7 and 8 are drawn families of curves with various 
values of n in the modified Bessel function of n order. From these figures, 
the auto-correlations of the modified Bessel function with n — A y n = 1 
seem to be reasonable for the scattering model of sporadic E. It is also of 
interest to note that the curve oi n — \ fits the normal ionospheric scatter 
propagation measurements. Although Norton (1959) has stated in his 
recent paper that this pK\ (p) correlation function has defimte advantages 
over the exponential model for describing the turbulence of refractivity 
in the troposphere and stratosphere, it also seems to be quite good for 
the normal turbulence situation in the ionosphere. 


6. Correlation between foEg and Field Strength 

In this section, we shall briefly consider a correlation between/©.Es and 
the received Eg field strength. Figure 11 shows some correlograms between 
these parameters. The normalized Eg field strengths are the hourly me^^ 
values observed at Yonago during the period January to December in 1958. 
As the ionosonde station at Yamagawa is situated almost exac y at t e 
midpoint between Okuma (transmitting point) and Yonago (receiving 
point), it is appropriate to use values o£ foEg observed at Yamapwa to 
investigate a relationship between the field strength and foEg. oince t e 
field strength used in this analysis is the hourly median value, the corre¬ 
sponding value of foEg is interpolated from the ® 

hour. A more rigorous analysis has been made by Yamaoka (19^) by usmg 
the instantaneous value of field strength and the value o fo s o serve 
every 15 minutes. This is shown in Fig. 12 and data during periods of 
July and August in 1959 are used. From these figures, it is interesting to 
note that the field strength increases abruptly m the mterval from 
foEg = 8 Mc/s to foEg = 10 Mc/s. Although the cause of Ais increase is 
not yet clear, it may be related to the fact that this interval is near to the 
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foEs» Mc/s 

Fig. 11. Correlation between/oFs and field strength of sporadic E. 

plasma frequency for normal reflection in this transmission circuit (i.e. 
49*68 Mc/sec 6 12 Me). This seems to suggest that there are two modes 

of sporadic-propagation, that is, the high field strength corresponding 
to high values of foEs seems to be due to the reflection mechanism and the 
relatively low field strength is due to the scattering mechanism. Theoretical 
curves calculated from the thin layer and scattering models are compared 
with some measured field intensities for various values of foEs. From 





circuit voltage 



f \ ’ 
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Fig. 13. Theoretical explanation for a relationship between/«F« and 

Ea field intensity. 


necessary plasma density (i.e. 2 X 10® e/cc for the Okuma-to-Yonago 
circuit). 

(ii) Relatively low field strength of sporadic E may be explained by the 
scattering model. 

(iii) The scattering model for sporadic E is expressed through an auto¬ 
correlation function of the modified Bessel function of higher order. 
Each blob of ionization may be considered to have a horizontal scale of 
the order of 200 m and a vertical scale of 50 m. 

(iv) Concerning the frequency dependence of sporadic E, the thin layer 
theory developed in this paper does not seem to be appropriate, however, 
this frequency dependence can be explained by the scattering model. 
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(v) If we assume a layer thickness of sporadic jE of 300 m 1000 m, 
we can explain the distance dependence of the median field strength from 
both the thin layer and the scattering theories. 
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The Turbulence Criterion in Stably Stratified 
Shear Flow and the Origin of Sporadic E 

David Layzer 

Harvard College Observatory, Cambridge, Massachusetts, U.S.A. 

Abstract—This article explores the hypothesis that sporadic E and other stratifica¬ 
tion phenomena are caused by aerodynamic processes which distort the normal 
electron-density gradient in such a way as to produce partially reflecting layers. 
Measurements of winds in the upper atmosphere have shown that exceptionally 
high wind shears, of the order 100 (m/sec)/km, are confined to narrow layers with 
roughly the same geometrical properties as the layers responsible for discrete 
radio reflections. Since high wind shears tend to promote and maintain turbulence, 
the question, naturally arises whether these high-shear layers are turbulent, and if 
so whether turbulence can render such a layer partially reflecting to radio waves 
of appropriate wavelengths. In order to answer the first question, we give in 
Section II a detailed discussion of the turbulence criterion in stably stratified 
shear flow. Previous work on this subject is reviewed and a somewhat simplified 
derivation of Townsend’s criterion is given. A new necessary condition for the 
maintenance of turbulence is suggested, namely that the lifetime, of turbulent 
eddies be smaller than the characteristic period of gravitational oscillations in the 
fluid. This condition turns out to be more stringent that the usual energy require¬ 
ment. The resulting value of the critical Richardson number is Rie “ 1 /25. If this 
value is correct, turbulence in the 80—120 km region will be confined to the high- 
shear layers, if it occurs at all. In Section III we investigate the effect of a narrow 
turbulent layer on the electron-density profile. As a result of turbulent mixing, 
the electron-density profile may develop a shelf-like near-discontinuity capable of 
reflecting radio waves. Finally, the efifects of meteor ionization are studied. It is 
shown that the ionization generated by meteors may be regarded as spatially 
homogeneous and that the contribution of meteor-generated ionization to the 
electron-density profile does not change its character in a qualitative way. 


1. Introduction 

It is well known that the normal ionospheric layers —Fi and — 
result from broad peaks in the profile of electron density versus height. 
This is clearly shown by the variation of virtual height Qi') with frequency 
(/) on ionosonde records. If the electron density increased monotonically 
with height, k' would increase smoothly with / and the ionosonde records 
would not show their characteristic jumps. In recent years rocket flights 
have produced direct evidence for peaks at approximately the predicted 
heights. 

Chapman’s theory of layer formation accounts for these peaks along the 
following lines. The rate of ionization produced by a beam of radiation 
traversing an atmosphere of variable density varies directly as the intensity 
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of the beam and as the density of particles capable of being ionized by the 
incident radiation. A beam entering the earth’s atmosphere from above 
encounters an ever-increasing particle density, but the beam continually 
diminishes in intensity as it penetrates deeper. The rate of ionization is 
therefore a strongly peaked function of path length along the ionizing 
beam. From this it follows that the contribution to the electron-density 
profile from a given photo-ionization process also has a definite peak. 
As several distinct photo-ionization processes, involving distinct wave¬ 
length regions and distinct atomic and molecular species, produce free 
•electrons, the resultant electron-density profile should—and, according to 
rocket measurements, does—have a complicated shape. Chapman’s theory 
predicts that the height of any given peak should vary markedly, according 
to a particular law, with the zenith angle of the sun, and this prediction has 
been borne out by experiment. 

Ionospheric soundings and other radio experiments have shown that in 
addition to the normal ionospheric layers there exist numerous other layers 
of a different kind. These layers occur in the height range 65-130 km. 
They differ most conspicuously from the normal ionospheric layers in the 
following respects, (i) They are transient, lasting from a few minutes to at 
most a few hours, (ii) They are always partially transparent, (iii) They are 
narrow, with half-thicknesses of the order of 1 km. (This follows from the 
well-known experimental result that the virtual heights of such layers do 
not increase appreciably with increasing frequency.) (iv) The heights at 
which they most frequently occur show no marked dependence on the 
zenith angle of the sun. Careful statistical studies have failed to reveal 
either diurnal or seasonal variations in the heights of occurrence, though 
such variations are very conspicuous in the height of maximum ^'-layer 
ionization. 

The most highly reflecting of the transient layers occur in the ^-region 
and are responsible for the phenomenon known as sporadic E 
Sporadic E has been much more extensively studied than the reflections 
from temporary strata below the wK-layer. From a theoretical point of 
view, however, there is as yet no compelling reason to regard sporadic E 
as inherently different from the less conspicuous phenomena that occur at 
lesser heights. I shall accordingly use the word stratification as a blanket 
term meaning stratification in the lower ionosphere as well as sporadic E. 
Of course an adequate theory of ionospheric stratification would have to 
account for the exceptionally high reflectivity of Es layers. 

As yet very little is known about the nature of the reflecting strata or 
about how they come into being. The narrowness of the layers and the 
absence of diurnal and seasonal variations in their preferred heights of 
occurrence rule out the possibility that they are formed in the same way 
as the normal ionospheric layers. More generally, these two characteristics 
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of ionospheric stratification make it seem unlikely that either corpuscular 
or electromagnetic radiation from the sun plays an important part in 
producing the temporary strata. One cannot rule out this possibility 
entirely, but the difficulties it raises are so great that one is inclined to 
explore other avenues first. 

A reflecting stratum could be produced in any of the following three 
ways: (a) by greatly enhanced ionization in a narrow region; (b) by a near¬ 
discontinuity in the electron-density profile, e.g., a ledge or a step; (c) by 
turbulence, especially in a region where the electron-density gradient is 
large. 

The first mechanism requires that the electron density in the reflecting 
stratum be considerably higher than in the region immediately below it. 
Several possible sources of enhanced ionization have been suggested— 
solar corpuscles, cosmic rays, meteors, and thunderstorms. That some of 
these agencies occasionally play a part in the production of reflecting 
strata seems to be well established. In the auroral zone auroral activity and 
the incidence of sporadic E show a strong positive correlation. A marked 
rise in the incidence of sporadic E has also been found to accompany some 
meteor showers. The existence of a positive correlation between thunder¬ 
storms and the incidence of sporadic E has not been definitely established, 
however. From a careful statistical study of geographical and temporal 
variations in the incidence of sporadic E^ Smith (1957) has concluded that 
although the sources of enhanced ionization mentioned above may con¬ 
tribute to the phenomenon they cannot be responsible for the major 
part of it. 

If we accept this conclusion we are left with the following alternatives, 
(i) There exists an as yet undiscovered source of enhanced ionization— 
presumably (because of the character of the geographical and temporal 
variations in the incidence of sporadic E) a terrestrial one. (ii) Stratification 
results in some way from the redistribution of existing ionization rather 
than the production of extra ionization. In the absence of definitive 
experimental data bearing on this question, let us adopt the second alter¬ 
native as a working hypothesis. We are then left with mechanisms (b) 
and (c). 

The underlying premise of the theory to be developed in this article is 
that stratification in the ionosphere results, not from the absorption of 
ionizing radiation or corpuscles at discrete levels, but from aero¬ 
dynamic processes. More specifically, I shall try to show that aerodynamic 
processes can distort the “normal” electron-density gradient—i.e., the 
gradient that would obtain in an atmosphere free from winds—^in such a 
way as to produce partially-reflecting strata. It is worth noting that any 
explanation along these lines has a certain amount of experimental evidence 
in its favor at the outset. Aerodynamic phenomena in the upper atmosphere 
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exhibit little, if any, dependence on the height or zenith angle of 
the sun. As we have already noted, this is also true of ionospheric stratifi¬ 
cation. On the other hand, aerodynamic processes act on the existing 
electron-density gradient, which undergoes large diurnal and seasonal 
variations. These variations combine with the diurnal and seasonal varia¬ 
tions in the aerodynamic state of the upper atmosphere to produce a 
complicated pattern of change. Ultimately it may be possible to predict 
some features of this pattern and to compare them with experiment, but 
in this article we shall discuss only the basic physical mechanisms. 

The fact that meteor showers and enhanced auroral activity tend to be 
accompanied by increased incidence of sporadic E also fits into the frame¬ 
work of the proposed explanation. Meteors and auroral particles could 
supply the raw material—extra ionization—^from which aerodynamic pro¬ 
cesses (as yet unspecified) might fashion reflecting strata. 

The aerodynamic phenomena that we shall be concerned with are wind 
shear and turbulence. These are related as follows. In a stably stratified 
atmosphere wind shear provides the only source of energy to maintain 
turbulence. If the wind shear is not sufficiently great a turbulent regime 
cannot be maintained. At any given level in the atmosphere there is a 
critical value of the wind shear below which the local rate of dissipation 
of energy exceeds the rate of production. This does not mean that tur¬ 
bulence cannot exist in a region where the wind shear is less than this 
critical value, since advection and turbulent diffusion can transport 
turbulence from regions where it is produced to regions where it is 
destroyed. However, if a steady turbulent regime obtains, there must 
evidently be some region where the wind shear exceeds the critical value. 
Thus a knowledge of the critical value as a function of temperature 
gradient and other relevant atmospheric parameters is fundamental in any 
theoretical study of wind shear and turbulence in the upper atmosphere. 

The problem can be reduced to that of finding the critical value of a 
single dimensionless parameter, the Richardson number Ri (defined in 
the next section). In 1920 Richardson derived the value unity for Ric- 
A few years later Prandtl and Taylor showed that this value necessarily 
follows from the momentum-transfer theory of turbulence.* 

Recently Townsend, following an approach used by Ellison in a related 


* Booker recently applied Richardson’s criterion to the ionosphere. He concluded 
that the observed wind shears could maintain turbulence throughout the ionosphere 
and he interpreted the observed irregular winds as corresponding to the high- 
energy end of a turbulence spectrum similiar to the Kolmogorov spectrum. This 
conclusion is no longer widely accepted, for two reasons. First, radar observations 
of meteors appear to be inconsistent with the assumption of a Kolmogorov spectrum. 
Second, as Hines has shown, the irregular winds have a simple and natural inter¬ 
pretation in terms of atmospheric waves propagating upward. Such waves combine 
the properties of sound waves and gravity waves. 
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study, has derived a formula for Rie involving a number of unknown 
parameters. With reasonable assumptions about the values of these para¬ 
meters, Townsend’s formula gives a value for Ric considerably smaller 
than 1. {Ric is inversely proportional to the square of the minimum wind 
shear required to maintain turbulence.) In the next section we shall derive 
a simpler and more stringent criterion than Townsend’s. From the 
resulting value for Rie one would infer that only exceptionally high wind 
shears—of the order of 100/(m/sec)/km at a height of 100 km—could main¬ 
tain turbulence. Now wind shears of this order of magnitude are occa¬ 
sionally observed, but they appear to be confined to narrow layers. Indeed 
the available data, which are as yet fragmentary and incomplete, suggest 
that high-shear regions have roughly the same geometrical properties 
(thickness, height distribution, and perhaps even lateral dimensions) as the 
strata responsible for the reflection of radio waves. It is tempting to specu¬ 
late that these two manifestations of discrete structure are two sides of 
the same coin. The question then arises: Can a narrow turbulent layer 
embedded in a nonturbulent medium reflect radio waves in the manner 
observed? 

It is well known that a turbulent region in the ionosphere would scatter 
radio waves. This kind of scattering has been studied by Villars and 
Weisskopf, Gallet, and others. It is caused by fluctuations in the electron 
density arising primarily from mixing of layers with unequal numbers of 
electrons per unit mass by the vertical component of the turbulent velocity 
field. A turbulent layer of the kind envisaged here would certainly scatter 
in accordance with this mechanism. However, it will be shown in Section 
III that if the layer is sufficiently thin, turbulent mixing can produce an 
entirely different effect—a near-discontinuity in the mean electron-density 
profile—^which may well be more effective than turbulent scattering in 
producing the desired reflections. 

It should be stressed that the present hypothesis for the origin of strati¬ 
fication in the ionosphere rests on theoretical and experimental foundations 
that are far from secure. It is essentially a working hypothesis, rather than 
an attempt to provide a final solution of the problem. This article will 
have served its main purpose if it stimulates experimental or theoretical 
investigations that destroy its main contentions. 

2. The Turbulence Criterion 

We consider the simplest example of a shear flow in a stably stratified 
atmosphere. Let the mean motion be in the x direction and the gravita¬ 
tional acceleration in the negative z direction. We assume that the gradients 
of mean velocity, mean temperature, and mean density are all vertical. 
We also assume that if turbulence is present its scale is so small that local 
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properties of the turbulent velocity field do not depend on derivatives of 
the velocity gradient, the temperature gradient, or the density. We intro¬ 
duce the abbreviations 



CDs is the mean-velocity gradient or wind shear. In (2.2) the quantity in 
parentheses is the gradient of what meteorologists call “potential tempera¬ 
ture” ; it is the difference between the actual temperature gradient and the 
temperature gradient that would prevail in an adiabatic atmosphere. By 
the definition of a stably stratified atmosphere, the right-hand side of (2.2) 
is positive. The frequency ojg has the following physical interpretation: 
A fluid element that undergoes a small displacement from its equilibrium 
position experiences a restoring force proportional to the displacement 
which tends to produce a harmonic oscillation of frequency <og. 

The Richardson number is defined as the square of the ratio of wg 
and cos'- 



Under the present simplified assumptions the only dimensionless para¬ 
meters that are relevant to the stability problem are the Richardson 
number Rt and the Reynolds number Re. [For a discussion of this point 
see Batchelor (1953a) and Townsend (1958).] We assume that the Reynolds 
number is much larger than its critical value. In these circumstances 
viscosity has little effect on the part of the turbulence spectrum that con¬ 
tains most of the energy, and the stability of the flow against turbulence 
hinges entirely on the value of Ri. It is worth emphasizing that this con¬ 
clusion rests on very general arguments which have been repeatedly tested 
and confirmed by laboratory experiments.* 


* Nevertheless, attempts to deduce the critical value of Ri from meteorological 
data have not yielded a clear-cut result. Sutton (1955) concludes an account of 
several empirical determinations of Rie with these words: “Thus at present some 
support can be found from meteorological data for almost any value of Rie between 
0*04 and 1, an unsatisfactory state of affairs which emphasizes the need for further 
research work on this fundamental aspect of atmospheric turbulence.” In addition 
to the meteorological data there exist certain relevant hydrographic measurements 
by Jacobsen pertaining to the flow of fresh water over salt water in the Kattegat. 
From these measurements Taylor (1931) derived values for Ri ranging frona 2*6 
to 120.*Yet in every case the flow was turbulent. As Townsend (1958) has pointed 
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Two distinct methods have been used in studies of hydrodynamic 
stability—^the method of small disturbances and the energy method. In the 
first method one derives from the equations of motion a linearized descrip¬ 
tion of small disturbances of the unperturbed motion and seeks to deter¬ 
mine the values of the appropriate dimensionless parameters for which all 
small disturbances tend to die out. This program leads to exceedingly 
intricate mathematical problems, but it has been carried out successfully 
for a number of particular flows (see, e.g., Lin 1955). In the second method 
one considers the balance between production and dissipation of turbulent 
energy in the fully developed turbulent flow and seeks to determine the 
values of the appropriate dimensionless parameters for which such a 
balance is possible. In order to evaluate the terms in the energy equation 
one needs to know the turbulent velocity field. To obtain this accurately 
one would have to solve the equations of motion, with appropriate bound¬ 
ary conditions, for developed turbulent flow, which of course cannot be 
done. In practice one uses a simple model of the turbulent velocity field. 
Since the assumed velocity field does not satisfy the equations of motion, 
the energy method yields only sufficient conditions for stability and 
necessary conditions for instability. In applications to ordinary stability 
problems the energy method has, in fact, yielded estimates of the critical 
Reynolds number Rec that are smaller by factors of 50-100 than those 
given by the method of small disturbances. 

The reason for this poor showing is easy to understand. At moderately 
high Reynolds numbers the production and dissipation of turbulent energy 
depend upon virtually distinct regions of the turbulence spectrum. The 
eddies responsible for the production of turbulent energy are also those 
which contain most of the turbulent energy, while those mainly responsible 
for the dissipation of turbulent energy contain a negligible proportion of 
the energy. In order to derive an estimate of the critical Reynolds number 
by means of the energy method one must make assumptions about the 


out, however, one must exercise great care in interpreting experimental results 
relating to irregular motions in a stably stratified medium. When Ri < Ric the 
irregular motions will have essentially the same properties as in ordinary turbulent 
flow in the absence of buoyancy forces. When Ri > Ric true turbulence can no 
longer occur, by the definition of Ric, but another kind of irregular motion can 
occur. If the Reynolds number is suflSciently high, small disturbances of the mean 
motion will give rise to gravity waves of frequency o)g given by (2.2). An irregular 
collection of gravity waves may bear an instantaneous resemblance to a turbulent 
velocity field but the rates of energy dissipation and of mass, momentum, and energy 
transport are entirely different in the two kinds of flow. In foct Taylor showed 
that the effective difi^sion coefficient for the vertical transport of salinity deduced 
from Jacobsen’s measurements was much smaller than the value appropriate to a 
turbulent flow with the observed value of the turbulent viscosity coefficient 
vt — <Mzy>/wa, though it was much larger than the molecular value. For a fuller 
discussion of these matters see Townsend (1958). 
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relative length and velocity scales of the two kinds of eddies. Since the 
values derived for Rcc depend very sensitively on these assumptions, which 
in the absence of a proper theory are bound to be very crude, it is not 
surprising that these estimates differ so much from the values given by 
the method of small disturbances. 

The situation is entirely different when buoyancy forces are present 
and Re > Rec. The rate at which turbulence does work against gravity 
in a stably stratified medium depends primarily on properties of the 
energy-containing eddies, as does the rate at which turbulence extracts 
energy from the mean flow. Moreover, since the effects of viscosity are of 
no direct interest, we may also express the turbulent dissipation rate in 
terms of parameters pertaining to the energy-containing eddies. Thus all 
the terms in the energy equation depend only on properties of the energy- 
containing eddies. It is true that, as long as we do not have a detailed 
description of the turbulence, we cannot evaluate these terms precisely, 
but the uncertainties affect only ratios of order unity, some of which are 
known approximately from experiment. The energy method may therefore 
be expected to yield considerably closer estimates of Rie than of Rec. 

Let €s denote the rate [measured in (erg/g)/sec] at which the turbulence 
extracts energy from the mean flow. Let €g denote the rate at which the 
turbulence does work against gravity and et the rate at which turbulent 
energy is dissipated as heat. We assume that the flow is statistically steady. 
The equation of turbulent energy balance then reduces to: 

€s ~ “4" (^•‘^) 


since advection and turbulent diffusion do not occur. Let m, w denote 
the Cartesian components of the turbulent velocity field and let the 
brackets < > indicate time averages. Finally, let B denote the difference 
between the temperature of a fluid element and the appropriate mean 
temperature T{%). The three rates are then given by 


€5 


' V 1/ I 


(2.5) 


( 2 . 6 ) 

€£ ~ IX w^ycot. (2-7) 

The expressions for cs and eg are average values of the corresponding 
terms in the turbulent energy equation, and the equation for et may be 
regarded as the definition of oit. 

Suppose that a fluid element initially at height ar, whose temperature is 
the same as the mean temperature J’(ar), undergoes a small displacement 
(f, ') 7 , i). If the element remains at the same pressure as its surroundings 
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and does not exchange heat with them, then its final temperature will 
differ from the mean teiriperature T{z + appropriate to the height 
(sr + 0 hy an amount 


e= — 




( 2 . 8 ) 


Using this expression for we can rewrite (2.6) in the form 

(2.9) 

where cug^ is given by (2.2). 

RichardsofrCs criterion (cf. Richardson 1920; Goldstein (ed.) 1938, pp. 
229-232). The turbulent viscosity is defined by 

= vt oia- ( 2 . 10 ) 

According to the mixing-length theory of turbulence, vt is also given by 

vt = ( 2 . 11 ) 

Using (2.10) and (2.11) we can rewrite (2.5) and (2.9) in the forms 

= VtUis^i €g — VtU}g^. ( 2 . 12 ) 

A necessary, though not a sufficient, condition for the maintenance of 

turbulence is 

(2.13) 


The dimensionless number Rf is known as the flux Richardson number. 
By (2.12) 

Rf=Ri^, (2.14) 


from which Richardson’s criterion Ri < 1 follows at once. 

Taylor (1931), in his discussion of the Kattegat data, showed these 
data to be consistent with (2.13) but not with (2.14). 

Townsend*s criterion. Instead of introducing the hypothesis (2.11) we pro¬ 
ceed as follows (cf. Taylor 1922). The displacement ^(^|r) suffered by a 
fluid element in the time interval r is given by 


^(<1’') = pM* - PW- (2.1S) 

In this equation ^ and w are to be interpreted as random variables. Assum¬ 
ing that the turbulence is statistically stationary, we have 


<w{t)l{t\T)y = < w{t)w{t — p)dpy = 

= <w{t)wit — p)dpy = <«)2> f{p)dp. 


(2.16) 
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where f{p) is the auto-correlation coefficient of the random function w{t). 
We may identify the characteristic time defined by f{p) with the reciprocal 
of the characteristic frequency cot defined by (2.7): 


oo 

Jo 


f{p)dp — cor'^. 


(2.17) 


For simplicity we make the common assumption that the auto-correlation 
coefficient is exponential in form. From (2.17) and the requirement 
/(O) = 1 it then follows that 

f(p) = (2.18) 

so that 

\\KPW = “t-Kl - (2-19) 


Finally, we assume that the time intervals t are distributed according to 
the probability law that governs the intervals between the collisions of a 
molecule in a perfect gas; 

P(r) = cot (2.20) 


We then have, by (2.16), (2.19), and (2.20), 

<wD = r <«)(«)«t|r)>i>(r)dT = 

= <«.a> r drP(r) r f(p)dp ^ Ka’“>- (2.21) 

We can now replace (2.9) by 

COp^COt™^ f ( 2 . 22 ) 

where kg is close to 1. We also replace (2.5) and (2.7) by the equations 

€8 = ^ks^^w^ycosy (2.23) 

€t == ^kt(^w^ycot. (2.24) 


In laboratory turbulence the number kt has been found to be of order 
unity (see Batchelor 1953b, p. 106). The coefficient f in (2.23) is close to 
the experimental value of the shear correlation coefficient as measured 
near the center of the flow in turbulent wakes and mixing layers (Townsend 
1956, pp. 152, 179). However, if the energy-containing eddies are appreci¬ 
ably anisotropic ks may be substantially greater than 1. We shall return 
to this point later. 

We can eliminate the turbulent intensity from (2.22), (2.23), (2.24) by 
working with ratios of the es and cos. We obtain 

€(/ ^ kg OOg^ 

€8 4 ks COgCOf 


(2.25) 
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whence 


or 


j kt Oit 

€s €s 4 ks Oig 


kgkt / ^ 

€g/ Gg 16 kg'^ \COgj 


(2.26) 

(2.27) 

(2.28) 


This relation between Ri and Rf replaces the relation (2.14), based on 
the mixing-length theory. 

The left-hand side of (2.28) takes on its maximum value (for Rf ^ 0) 
when Rf — Hence 

4 kg^ 

Ri < Rig (2.29) 

75 kgkt 


To every value of Ri < Ric there correspond two possible values of Rf — 
one less than the other greater than According to (2.25) and (2.26) 
the first possibility corresponds to flows in which the greater share of the 
power extracted from the mean flow is dissipated by turbulence and the 
smaller share is used to overcome the buoyancy forces, while the second 
possibility corresponds to flows with the reverse distribution of power. 
On physical grounds it seems unlikely that the second possibility can be 
realized in any actual flow. (One might argue, for example, that a charac¬ 
teristic feature of turbulent motion is its tendency to maximize the tur¬ 
bulent dissipation rate e«.) But the physically plausible inequality 




(2.30) 


does not actually follow from the assumptions thus far introduced.* 
Townsend’s argument differs from the preceding one in that it makes 
explicit use of the equation governing turbulent temperature fluctuations. 
Townsend’s formula for Rig is 


Rio = 


1 ku^ Lg 


(2.31) 


The parameters that appear in this equation are related to those previously 
defined by: 

ku = ikg, 2m kgkt = 4 Afl 2 /2.32) 

Le 


* Townsend (1958) has concluded that (2.30) does follow from assumptions 
essentially equivalent to the present ones, but I believe that his argument contains 
a mathematical slip. 
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so that (2.31) is equivalent to (2.29). Moreover, the argument leading to 

(2.21) indicates that (the correlation coefficient of B and w) and we 
have implicitly assumed that the length scales denoted by L.q and are 
identical. Thus the correspondence between (2.31) and (2.29) is 
essentially complete. 

A more stringent criterion. We have not as yet imposed any restrictions 
on the velocity field other than the energy equation (2.4), which, as we 
have seen, does not exclude the physically unrealistic condition eg > 
The following considerations suggest a new necessary condition which, in 
conjunction with the energy equation, leads to a more stringent condition 
than (2.30) and to a smaller value of Ric than the one given by (2.29). 

Let us consider the motion of a fluid element initially at the mean 
temperature of its surroundings. If w{0) — zooy then at time f, w(t) = 
Wo cos cogt see [the remark about following (2.2)]—provided that the fluid 
element in question has retained its integrity. The last proviso requires t 
to be smaller than the lifetime of a turbulent eddy. It follows that 

if ^ it would be possible to follow a typical element through a 
major part of a complete gravitational oscillation. But if this were possible 
the motion would not be truly turbulent, and our derivation of equations 

(2.22) , (2.23), (2.24) would be invalid. We would in fact be dealing with 
the kind of irregular wave motion discussed at the beginning of this 
section. We therefore postulate as a second necessary condition for the 
maintenance of turbulent shear flow 


cot > 


(2.33) 

By (2.22) and (2.24) 



/ _ 1 etkg _ 1 kg / 

\<Og) 3 eg kt 3 \ 

--I'l 

Mf I • 

(2.34) 

whence 




1 

4‘ 

(2.3S) 


Thus we arrive at an upper limit for Rf that is only half as great as the 
one given by I’ownsend [our (2.30)], which in turn is half as great as the 
one postulated by Richardson. From (2.28) we now obtain, as a necessary 
condition for the maintenance of turbulence. 


or 


Ri < Ric 


48 

75 



ks \2 

+ Sh) 


25 ^ 


(2.36) 




(2.36') 


Because, according to (2.35), a rather small fraction of the power 
extracted from the mean flow is used in overcoming the buoyancy forces. 
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it is reasonable to assume that the structure of the turbulence is not very 
different from what it would be in the absence of buoyancy forces. There 
is consequently a good prospect of some day obtaining reasonably accurate 
values for hg, kg, and kt from laboratory experiments. At present, however, 
we can do no better than to set them all equal to 1. 

The value 0-04 for Ric given by (2.36) is approximately equal to the 
lowest value of Ric that has been derived from meteorological observations 
and to the lower limit 0‘05 estimated by Townsend (1958) on the basis 
of some recent experimental studies. Schlichting (1935) obtained the value 
Ric — -it for boundary layer flow by the method of small disturbances. 
The present result indicates that the value of Ric is not as sensitive to the 
boundary conditions of the flow as has been previously supposed. 

3. Application to the Upper Atmosphere 

The most prolific sources of information about winds and turbulence 
in the region above 80 km are: radio-echo observations of meteor trails 
(Greenhow and Neufeld 1959 and references cited therein); visual and 
photographic observations of meteors and noctilucent clouds (Millman 
1959 and references cited therein); and photographic observations of 
sodium trails laid down by rockets (Manring 1959 and references cited 
therein). Greenhow has derived from the radio-echo observations an 
accurate and detailed statistical picture of large-scale wind structure in 
the meteor region (80-100 km). He cites 0-01 sec“i [10(m/sec)/km] as a 
typical value of the wind shear in this region, and 0*1 sec~i as an approxi¬ 
mate upper limit of the observed wind shears. 

Photographic records of sodium trails are the most promising source of 
information about small-scale motions in the entire region above 80 km. 
The analysis of such records should soon provide a definitive answer to 
the question whether the small-scale irregular motions that are known to 
occur in the region between 80 and 100 km have the properties of hydro- 
dynamic turbulence. At the present time, however, all that can be said is 
that the existing data do not provide convincing support for the widely- 
held belief that hydrodynamic turbulence—of any intensity—regularly 
prevails over a wide range of heights in the ionosphere. 

According to the turbulence criterion derived in the preceding section, 
only wind shears near the upper end of the observed range are capable of 
maintaining turbulence at a height of 100 km. Greenhow and Neufeld 
(1959, Fig. 4, p. 2131) have found that fewer than 1 per cent of the wind 
shears measured over a height difference of 0*4 km exceed 0*07 sec"^. 
The largest gradients are probably confined to layers 1 or 2 km thick; a 
gradient of order 0*1 sec“i extending over a vertical distance of as much 
as 3 km would give rise to wind speeds of order 300 m/sec—approximately 
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the speed of sound at the heights under consideration—and such high 
wind speeds have not been reported.^ On the other hand, there is no 
reason to suppose that the horizontal dimensions of the high-shear layers 
are appreciably less than the average horizontal wind-correlation scale of 
about 150 km. 

Long (1959) has pointed out that strong velocity concentrations, or 
jets, are characteristic of the flow of stably stratified fluids, and has put 
forward theoretical considerations based on boundary-layer theory to 
elucidate the general phenomenon of jets. 

Let us, then, assume as a working hypothesis that there exist regions 
in the ionosphere whose horizontal dimensions are of the order of 100 km, 
whose vertical dimensions are of the order of 1 km, and within which the 
wind gradient is large enough to maintain turbulence. Let us further 
assume that the turbulent region is embedded in a nonturbulent medium 
and has more or less distinct boundaries. (This is an obvious oversimplifi¬ 
cation, because turbulence will tend to dijffuse out of such a region, thus 
blurring its boundaries. But we are here concerned with only the gross 
aspects of the phenomenon.) 

How will the turbulence affect the electron-density profile in such a 
layer? The answer depends on the ratio between the recombination time 
and the mixing time for the layer in question. Since turbulent mixing is 
essentially a diffusion process the mixing time increases as the square of 
the thickness {d) of the layer. It is given approximately by the formula 


d^CDt 

imuin. = 2^ = 

To get an estimate of ^mixing we set 

— 10 m/sec, oit — 0.05 sec^. 


(3.1) 

d — 1 km. (3.2) 


These values give 

^mixing ~ 500 sec. 

I’he recombination time is given by 

1 


^recomb 


Nea 




(3.3) 

(3.4) 


where Ne is the electron density and a is the recombination coefficient. 
The following table, constructed from data given by Bates (1953 p. 599), 
gives values of Ne^ r, at four heights. A comparison between the table 


* Dr. Allan F. Cook has kindly informed me that recent photographs of a 
meteor train by the Harvard meteor expedition in New Mexico show a narrow high- 
shear layer in which the wind speed does in fact approach 300m/sec. 
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Table 1. 


h (km) 

Ne (cm~2) 

a (cm®sec~i) 

T (sec) 

75 

2-5 X 102 

1 X 10-5 

4000 

90 

1-5 X 104 

3 X 10-8 

2200 

110 

1-5 X 105 

1 X 10-8 

700 

200 

2*5 X 105 

7 X 10-5 

600 


and (3-3) indicates that the available data are not inconsistent with the 
hypothesis that ^mixing ■'C ^recomlb* 

If this is so, the turbulence will not introduce fluctuations into the 
electron-density profile. Rather, it will tend to bring about a uniform 
concentration of electrons throughout the turbulent layer; in the case of 
complete mixing the number of electrons per unit mass will remain con¬ 
stant through the layer so that Ne will actually decrease with height within 
the layer. Figure 1 shows schematically the perturbed electron-density 
profile in the ideal case of a turbulent layer with sharp boundaries and 
perfect mixing. In reality the profile will have small-scale irregularities 
and the transitions between the turbulent layer and the nonturbulent 
medium above and below it will be more gradual than in the figure. 

The jump in electron density at the bottom of the turbulent layer is 
given approximately by the equation 



log Ne 

Fig. 1. Electron-density profile in the presence of a turbulent layer 

(schematic). 
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In the lower part of the j&-region dATe/d/f x 10^ cm-3 km-i and Ne 10^ 
cm~3, so that LNefNe ~ 1. The present mechanism obviously cannot, 
however, produce electron densities appreciably greater than the peak 
density in the ^E'-layer. Experimental evidence that such high-density 
layers exist would be prima fade evidence in favor of the view that more 
than the redistribution of existing ionization by this mechanism is involved 
in the formulation of these intense reflecting layers. 

The present hypothesis suggests three related problems, whose solutions 
could hardly fail to bring us closer to an understanding of ionospheric 
stratification: (i) What is the nature of the flow in and around a turbulent 
horizontal jet embedded in a nonturbulent, stably stratified medium? (ii) 
What is the nature of the resulting electron-density profile? (iii) What are the 
reflection properties of such a layer? 

The last question is especially intriguing because the wavelengths corre¬ 
sponding to frequencies in the range 0*5-3*0 Mc/s are neither very small 
compared with the assumed width of the turbulent layer nor very large 
compared with the probable scale of the turbulence. One would therefore 
expect reflections from such a layer to exhibit pronounced interference 
effects (fading) depending in a distinctive way on frequency and angle 
of incidence. 

Meteor Ionization. The ionization produced by meteors is initially 
highly non-uniform, being concentrated in long, thin cylinders. As soon 
as a trail is formed, however, its cross-section begins to increase, as a 
result of molecular diffusion. Now, the mean age of the ionization trails 
which at any given instant are responsible for the major part of the meteor 
ionization is roughly equal to the recombination time r. Hence the radius r 
of a typical trail satisfies the inequality 

^ ^ (3.6) 

D being the molecular diffusion coefficient. Let n denote the incident flux 
of meteors at, say, the 100-km level. At any given instant the average 
number of trails passing through a surface element of unit area is about wr, 
if we count only trails that make a substantial contribution to the total 
meteor ionization. If the trails were uniformly distributed in space and 
had equal radii, they would begin to overlap when r became comparable 
to the radius a defined by 

.raS = -L . (3.7) 

nr 

Hence the meteor ionization will exhibit substantial departures from 
uniformity only if r i.e., only if 


ArrrUnr ^ 1. 


( 3 . 8 ) 
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Let q denote the line density of electrons for some particular class of 
meteor trails. The space density of electrons produced by these trails is 
given by 

AiVe(5’) ^ (3*9) 

If meteor ionization is to have an appreciable effect, AA^e must be at least 
as great as the electron density that would prevail in the absence of meteors. 
Calling this density ATg, we obtain a second inequality, 

^ (3.10) 

From (3.10) and (3.8) we obtain 

q > ^TvDrNe (3.11) 

as a condition that meteor ionization (due to meteors in a given class) 
shall be quantitatively significant and significantly non-uniform. In the 
region 90-100 km the right-hand side of (3.11) is of order lO^^-lO^'*. 

For such meteors reliable statistics are available (Upton and Hawkins 
1958). These show that the corresponding values of AA"e are completely 
negligible, not only in comparison with typical daytime values of Ne in 
the meteor region but also in comparison with the ionization produced 
by smaller meteors. This conclusion applies also to the ionization produced 
during meteor showers (Hawkins, private communication). We conclude 
that the ionization generated by meteors may be regarded as spatially 
homogeneous. 

The length of a typical ionization trail is of the order of 10 km. It 
follows that the scale of vertical variations in AAT e is at least of this order of 
magnitude. Thus the contribution of m.eteor-generated ionization to the 
electron-density profile does not change the character of the profile in a 
qualitative way, so that the preceding discussion does not need to be 
modified in any essential respect to allow for the effects of meteor 
ionization. 

Acknowledgments —I am indebted to Dr. Allan F. Cook, Prof. F. L. 
Whipple, and Dr. G. S. Hawkins for discussions on the interpretation of 
the meteor data; to Dr. E. K. Smith for discussions on the interpretation 
of experiments relating to sporadic E\ and to Dr. E. JVIanring for putting 
at my disposal and discussing with me his unpublished observations of 
sodium trails. 

Note added in Proof (19 fuly 1962') 

According to Martyn (Phil. Trans. Roy. Soc. 246, 306, 1953; see also Whitehead, 
jl’ Atmosph. Terr. Phys. 20, 49, 1961), horizontal winds in the ionosphere can give 
rise to a vertical drift of ionization. In the presence of such a drift a thin turbulent 
layer of the kind discussed in the preceding paper v/ould act as an ionization trap. 
A downward drift, for example, would bring ionization into the layer from above. 
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but there would be no compensating flux of ionization out of the layer at its lower 
boundary, since turbulent mixing would inhibit drift across the layer. The density 
of ionization would accordingly build up in the turbulent layer, while just below it 
the ionization would be depleted. The electron-density profile would thus develop 
a narrow spike and, immediately below it, a broader, shallower depression; if the 
drift were upward instead of downward, the spike would lie below the depression. 
The growth of the spike is ultimately limited by recombination and, to a lesser 
extent, diffusion. If V is the vertical drift velocity, d the width of the turbulent 
layer, and t the normal recombination time, then the steady-state value of the 
mean electron density in the spike exceeds the normal electron density at the same 
height by the factor V'CI^'^/d), which, for plausible values of the parameters 
involved, maiy be considerably greater than 1. A detailed discussion of the present 
mechanism for producing enhanced ionization in a narrow layer will be published 
elsewhere. 
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The Formation of a Sporadic-F Layer from a 
Vertical Gradient in Horizontal Wind 

J. D. Whitehead 

Radio Research Board Laboratory, Electrical Engineering School, 
University of Sydney, Sydney, Australia. 

Abstract— A horizontal wind shear leads to vertical movement of ions and electrons, 
which gives rise to the formation of thin layers of ionization. The probability of 
the layer appearing depends on the horizontal component of the earth’s magnetic 
field. This is the same as the probability observed for sporadic-E critical frequency 
{foEs') to exceed 5 Mc/s in different parts of the world. The h 3 rpothesis that all 
temperate zone sporadic E is due to horizontal wind shears is given further support 
because it shows how sporadic E once formed will tend to persist, gives the correct 
height at which the layer is most likely to form and is satisfactory so far as orders of 
magnitude of the various quantities are concerned. It also leads to an explanation 
of the relationship between the E-region travelling disturbances and sporadic E. 

The electron density distribution arising from the vertical movement is discussed, 
taking into account recombination and diffusion. 

The magnetic effects of sporadic-E clouds are discussed. 

1. Introduction 

In a recent communication Heisler and Whitehead (1960a) noted that 
the fraction of time the critical frequency of the sporadic-E layer (fo^s) 
exceeded 5 Mc/s depended on the horizontal component of the earth’s 
magnetic field for stations situated in the temperate zone. There was no 
correlation with total intensity of the magnetic field. The fraction of time 
increased as the horizontal component increased. It is of interest to inquire 
which of the various theories suggested to account for sporadic E would 
show this relationship (see Thomas (1958)). Ionization by neutral particles 
or meteors does not depend on the earth’s field at all: ionization by charged 
particles may be confined to a thin layer by the action of the earth’s mag¬ 
netic field, but it appears that the total intensity of the earth’s field is of 
importance here. Martyn (1953) suggested an instability mechanism for 
the growth of sporadic-E clouds and Dungey (1956, 1959) considered the 
effect of a wind shear but neither led to the dependance on the horizontal 
component of the earth’s magnetic field. 

The purpose of this paper is to show that vertical shear of horizontal 
wind does lead to this relationship, and to discuss in detail the formation 
of the sporadic-E layer. 

The mathematical derivation of the vertical movement of ions and 
electrons when a horizontal wind shear is present has already been given 
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by Whitehead (1961), and this paper is confined more to a discussion of 
the physical reason for the boundary conditions used in the derivation, 
and the physical meanings of the results given. 

2. Derivation of the Vertical Velocity of the Ions 

A horizontal movement of the neutral air in the presence of ions and 
electrons will tend to move the ions and electrons in varying degrees, 
polarizing the medium and producing electric fields inside the medium. 
Further, ions and electrons moving in the earth’s magnetic field are acted 
on by forces at right angles to both the velocity and field. The equations 
of motion are easily written down and may be solved provided suitable 
boundary conditions are inserted. 

Recently measurements of the velocity of neutral air movements have 
been made in the lower ionosphere by following meteor trails visually and 
with radar (Millman (1959), Greenhow and Neufeld (1959)). These 
measurements have shown that: 

(a) the vertical velocity is always small; 

(b) the horizontal velocity is the same over horizontal distances ex¬ 
ceeding 100 km; 

(c) the horizontal velocity often reverses in direction over a height 
range of about 6 km and has a root-mean-square value of about 
25 m/sec, giving a vertical shear of about 12 m/sec/km. L. R. O. 
Storey (private communication) reports values of wind shear of up 
to 150 m/sec/km, but presumably the vertical scale is much smaller 
than 6 km in this case. 

Although the meteor measurements refer to 80-100 km heights, it seems 
reasonable to assume that the same general conditions will hold in the 
100-120 km height range. 

Let us take axes x, y and jsr, z being vertically upwards and x being 
parallel to the horizontal component of the earth’s magnetic field. Let 
Uxi C/y> and Uz be the components of the velocity of the air movement. 
It seems reasonable to assume then that Uz= 0 and that Ux and Uy are 
functions of the height z only. As the horizontal distances involved are 
about 100 km, we also assume a flat earth and constant direction and 
magnitude of the earth’s magnetic field. 

The polarization electric fields will have components Ex, Ey, and Ez~ 
Because of the uniformity over horizontal distance, we will assume that 
Ex and Ey are constant over the whole region, although Eg is a function 
of z. Two other conditions are assumed: 

(1) There is no vertical current flow. 

(2) The total currents flowing in the horizontal x and y directions are 
zero, although currents in different directions may flow at different 
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heights. This assumption implies that the current return outside 
the local wind system is small. This is likely to be so as the length 
of path for such a current flow is much larger than the path for a 
current return at a different height within the layer. 

An alternative boundary condition suggested by Lf. R. O. Storey and 
C. O. Hines (private communications) is that the electric fields are zero. 
In this case, expression (1) is as given with all the terms in Z7 omitted. 
Many of the conclusions reached are not affected, except those given in 
Section 7. 

Here are the orders of magnitude of the various quantities involved in 
the basic equations. At a height of 120 km the electronic collision frequency 
is about 2 X 10^ per sec. This is between the value given by Nicolet (1953) 
of 10^ per sec and those deduced from the values given by Whitehead 
(1959a, b) for a height of 110 km (1*3 X 10'* per sec and 1*9 X 10'* per 
sec). The positive ions present are principally those of atomic oxygen 
having a mass about 3 X 10'* of the electrons. Their angular gyro-frequency 
is therefore about 3 X 10^ per sec. The collision frequency of ions is 
about 1/30 that of electrons or at 120 km about 7 x 10^ per sec—a 
little greater than the gyro-frequency. As sporadic E most often occurs 
below 120 km (for instance, Becker (1958) gave values of h'Eg, 75 per 
cent of which were equal to or less than 120 km) it appears that the ionic 
collision frequency is a few times the gyro-frequency in the sporadic-jB 
layer. 

Not until we descend below the main part of jE-region does the elec¬ 
tronic collision frequency become equal to the electronic gyro-frequency. 
We will assume, therefore, that, in the region we are concerned with here, 
the electrons gyrate many times between collisions. 

The space charges existing within the region are much smaller than the 
total charge of electrons present. We also neglect the presence of negative 
ions (Nicolet and Aikin 1960). Therefore, we can assume that there is only 
one species of ion. 

Starting with the basic equations expressing the fact that the acceleration 
of the charged particles is zero on the average and inserting the boundary 
conditions assumed for the problem, it is possible to calculate the (equal) 
vertical velocity of the electrons and ions. The mathematics is given in 
Whitehead (1961)*: some care has to be taken in the derivation, because 
the component of the electric field parallel to the magnetic field is very 
small compared to that perpendicular to the magnetic field. It cannot be 
neglected, however, because it has an appreciable effect on the electron 
motion. 


* In the paper referred to, left-handed axes were used in error. Here right- 
handed axes are used by changing the signs of all the y velocities. 
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The expression for the vertical velocity is the following rather com¬ 
plicated expression: 


_ ViOiHi COS 6 

1/ ^ —::—:-X 


1 (J7„c — Cyp) + sin 6(0x0- Oxp) 1”^ G d 2 J 
+ (?7^ - Oxp) + (Uy - i7s,ip)j 


X 


+ (Ux - Oxa) + (Vy - i7»G)j j 


00 f ^ 

G dz 1 F d; 

CO J -00 

00 12 

F dz 

— 00 

00 12' 

Gdz\ 
-oo J 


r foo 12 

r Too 12 

Fdz -\- 

Gdz 

LJ-oo J 

LJ-oo J 


(2.1 


where vt = collision frequency of ions 
ojHi = gyro-frequency of ions 
6 — dip angle 

F = NvicoHil{vi^ -f- ojjfii^) 

G = Nvi^j(vi^ -jr com^) 

N = electron density 
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3. Discussion of the Variation of Vertical Velocity 

WITH Height 

We first of all see in this expression for Vz that Vsuf, etc., are average 
values of the horizontal velocity taken over a certain height range. For 
instance, the averages taken with respect to G are roughly mean values 
of velocity from the base of the ionosphere up to the region where vi — ojhu 
at about 130 km. The averages taken with respect to F(UxFy Uyp) are 
mean values about the region where — ojm- 

In the absence of wind shears (i.e. Ux and Uy independent of height) 
we see that 

Vz = 0. 

This arises because the electrical fields built up by polarization just 
prevent the vertical movement of ions or electrons. 

The quantity which is of most interest in the formation of sporadic E 
is shown in Section 4 to be dVz[dz at the heights at which T^z 0, It is 
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known from the meteor observations that Ux and Uy are subject to quite 
violent fluctuations over a height range of the order of 10 km. Thus terms 
such as Ux — ^xF will generally be larger in magnitude than Uxf — tJxGi 
and the variation of vi with s is unimportant compared with the variations 
of Ux and Uy with z. Also the two terms 


poo 

I F dz and 

j-oo 



Gd^? 


are of the same order of magnitude, and may be taken to be equal. Under 
these circumstances 


dVz cojii^ cos 6 sin 6 

' ■' ■■ ■ — . 

dar vi^ + 
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X 
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ViCtiHi COS 0 
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dUy 
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Furthermore, if we consider the region below 120 km, vi'> ojHi and 
approximately 

dFz cojcfi cos 6 dUy 


Thus we see that in this region, the E-W air movements are more 
important in producing vertical ion drift than are N-S winds. 

Before this equation can be interpreted in terms of the possibility of 
sporadic-.^ formation we must first look at the effect of the vertical velocity 
of electrons and ions on the electron density distribution. 


4. The Effect of a Vertical Velocity of Ionization on 
THE Electron Density Distribution in the Ionosphere 

Suppose we take as a model ionosphere, one in which the rate of for¬ 
mation of electrons and ions q per sec per cc does not vary with height, 
and the electrons and ions disappear by recombination at a rate equal to 
ocN^ where N is the electron density and a a constant. The ambient 
electron density in the absence of vertical movement of ionization is 
given by 

>/ a 

We now introduce a vertical velocity of ionization given by 

Vz = — Vo sin Ittz/X 

where A is the vertical “wavelength** of the movement. The rate of increase 
of electron density is given by 

dN d 

— ccNo^ — + — (NVo sin IrrzjX) 


(4.1) 
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Under steady conditions, dNjdt = 0 and 

0 = 1 - 

\No) ^ 8y\ No ) 

where y — Ins/X 
and R = IttVcIXocNo 

A maximum value of N occurs at y == 0, 2-77 etc. and is given by 

^ a if Rp 1 

No 2 « II 1 


(4.2) 


(4.3) 


If we take a for the £^-region to be 10~8 cm^/sec and No 1*5 X lO^/cm^ 
during the day and lO'^/cm^ at night (Mitra 1952) then IjocNo 700 secs 
during the day and 10^ secs at night. 27rFo/A is the maximum gradient 
of the vertical movement. If this is J of the vertical shear of horizontal 
wind, it would be 3 m/sec/km from the meteor results, making R = 2-1 
(day) and 30 (night). According to Storey, the wind shear may be up to 
ten times this, giving a maximum value of jR 21 (day) and 300 (night). 
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The minimum value of electron density is of less importance to us. It 
is given by 


min “f" 4) — ^ 1 

__ _ ^ ^ 


(4.4) 


The differential equation (4.2) has been solved to give the complete 
electron density distribution for various values of R using the automatic 
digital computer at Sydney University (SILLIAC). This is plotted as a 
function of height (in units of one wavelength of vertical movement) in 
Fig. 1 for jR = 0*5, 2 and 10. The most noticeable feature of the distri¬ 
bution is that the layer bears no resemblance to a parabolic distribution : 
apart from the extreme tip, it is almost cusp-shaped. This is shown more 



Fig. 2. The electron density distribution near the maximum, 
neglecting diffusion and taking it into account with A = 10 km and 

A = 1 km. R = 10. 
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clearly in Fig. 2, where the electron density distribution near the maximum 
is plotted out on an expanded height scale for R — 10. Such a distribution 
might explain in part why sporadic E is often transparent over a range of 
frequencies below /o£'«- It also shows that one has to be rather careful 
when talking about the thickness of the sporadic-^' layer, because this 
quantity varies rapidly with probing frequency. However, if the thickness 
is defined as the width of the distribution when the electron density has 
dropped to half its peak value, it is possible to find how the thickness 
varies witJi R. This is shown in Fig. 3, the scales appropriate to A = 10 km 
and A = 1 km being shown for comparison. Even for A = 10 km, the thick¬ 
ness falls to ~ 200 m for R ~ 10. 1 focN at the peak is about 70 sec (daytime) 
and if we take the diffusion coefficient D of ions to be ~ 50 m^/sec (the ions 
having a mean free path m and mean velocity of <>^300 m/sec at the 
usual height of sporadic E), diffusion becomes important for a scale length 
L = \/(50 X 70) m 60 m. Diffusion becomes increasingly important for 



Fig. 3. The thickness of the layer as a function of R. 
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large values of i?; at night, it is the dominating factor in determining AT^max- 
The ej0Fect of diffusion is discussed in more detail in Section 5. 

Because of the rapid recombination in the dense sporadic-£^ layer, the 
total electron content falls when the layer is formed as shown in Fig. 4. 
Although this calculation cannot be applied directly to night values of R 
(because of the effect of diffusion), yet the effect of the rapid recombination 
and subsequent fall in electron content should be more noticeable at night 



than during the day. A programme is being prepared in this laboratory to 
investigate the electron content in the lower ionosphere before and after 
sporadic-jB appearances. 

It is of interest to enquire how quickly the peak electron density grows 
with time after the imposition of the vertical movement. In this discussion, 
N denotes the peak electron density at a time t, Nm&x the final peak 
electron density from equation (4.3) and A^min from equation (4.4). 
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liquation (4.1) may be written 

dN 

=: + Nrnin) (N max — N) 


St 

which can be integrated to give 

N max N N max — No 

N ••{-- N mill No -]r Nxi\\n 
R ^ t, this becomes 

RNo — N 


exp( a (N max "f" N inin)^) 


N 


{R — l)exp(~/^aiVoO 


(4.5) 


Figure 5 shows NJNo plotted against ocNot for i? = 10 and illustrates the 
slt>w initial growth followed by one with a time constant of 1 jRocNo. 

If we take a general vertical movement rather than the particular case 
we have dealt with above, it is possible to find the vertical velocity at the 
peak electron density. 

In equilibrium 


0 : q — <xm 


d(NV) 



M (J.lj) LI) 


«Nut 

5. 'I'he growth of a sporadic cloud: the peak electron density 

against tmie. 
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Differentiating with respect to z and putting dNjdz ~ 0 we get that at 
the peak electron density 

iVd2F/d^2 

d^Njdz^ 

d'^Njdz^ will be large at the peak and therefore 0. We will assume 

that the sporadic-^ layer forms at the height at which Vz is exactly zero. 


5. The Effect of Diffusion on the Peak Electron Density 

The effect of diffusion is to introduce an additional term into equation 
(4.2) to give 

'N sin 


0 


= 1 - (,NlNoY +- R /dy 

+ (2^/A)2 (D/aNc) d2(iV/Ar„)/dy2 


(S.l) 

A very approximate solution to this equation has been found graphically 
by rounding off the peak of the layer with a parabola until the last term in 
this equation is sufficiently small to give the correct value of A"max- The 
resultant electron density distribution taking A = 10 km, No = T5 X 10® 
/cm® and V = 23 m/s (R = 10) is shown in Fig. 2. 

This solution will become a poor one for large values of R, and for 
night time in particular, a different method must be used. Roughly 
speaking for > 1 we can say that the layer peak grows at a rate of ocNoR^ 
recombines at a rate oTVmax and diffuses away at a rate D/E® where L 
is the thickness of the layer. For large values of R where diffusion is 
important, the layer will be approximately parabolic and L will have a 
meaning. Because the rate of formation aiVo® must equal the average rate 
of recombination, L Then we can write 


ocNoR ocNmax “h DIJL'^ 

= ocN max ~f“ DN^xm^xj A®A 

At night, the recombination term can be neglected and 

N max 


(5.2) 


No 


(aA'o7?A2/D)l/4 


= (2^FoA/D)i/4 

In Section 6, we show that A cannot exceed about 20 km, and taking 
Vo 23 m/sec 

A-max 


No 


15, giving Amax ~ 1-5 X lO^/cm® 
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This result which is somewhat less than the values of Nm&x. frequently 
observed cannot be regarded as unsatisfactory in view of the very rough 
approximation used. 

Equation (5.2) has another interesting feature. Writing 

R = IttVoIXocNo 

we have 

2nVolX = aA^^ax + Dm max /AWo^. 

Differentiating with respect to A and keeping Vo, iV'o, ot and D constant, 
we get 

2,7tVo ^A^max DN^max ^A^ max 2DN^ 

^ = a +• gA A2A7o ■ 

To find the peak value of A^max for varying A we put dNm&xl BX = 0 and 
find that 

DA/’^naax _ '^Vo _ ccNoR 
xmo^ “ A 2 

Substituting in (5.2), we have 

(xNoR === “ATmax H-2— 


or 


A/'max 


R 



The interesting thing is that this peak value (which is half that found 
neglecting diffusion) occurs for 


^ from above 

ttVo \ No / 


D 7,^Vo^ 
ttVo X^a^No^ 


whence 


[ ccWo^ ) 


Taking Vo = 10 m/sec, this equation gives A = 5 km during the day, and 
A = 30 km at night, as large as the permissible value. However, the day¬ 
time value of A appears to have some significance, for instance Briggs (1958) 
found two sporadic-jB layers separated by 5 km and Pfister (1958) 
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found stratification in iS'-region electron densities with a spacing of about 
6 km, increasing with height, as would be expected from the increase in D. 

6. The Formation of Sporadic E 

The probability of formation of sporadic B increases as the following 
quantities increase: 

(a) No, which decreases rapidly below the maximum of £^-region. 

(b) dUyjdz and dUxldz, the wind shears which decrease with increasing 
height, perhaps as quickly as vt. 

(c) IfD which also decreases with height. 

(^) - 5 which has a peak value at vi = com and decreases more 

H- 

slowly than Ijvi below this height. 

It becomes obvious that sporadic E will tend to form at a definite 
height, and that this height will be below vi— com but above the level 
where No falls so quickly, i.e. just below the maximum of IS'-region, at 
its normally observed height. At this height, dVzldz is given by equation 
(3.1). To assist in the formation of a layer, dVzjdz must be negative, and 
therefore the westward component of the neutral air wind must he decreasing 
with height. 

Equation (3.1) can also be used to give the world-wide distribution of 
sporadic E. Fixing Vo and allowing A to vary to give the largest value of 
Nm.zx. we see that 

iVmax OC No^^^Vi-'^com COS 6. 

Taking vi to be the collision frequency at the maximum of E^-region 
Vi oc cos Xi aJid No oc (cos where x — zenith angle of the sun. Thus 

iVo^/5yi-i oc (cosx)~®*®. 

The temperate zone extends north and south to a latitude of about 60® 
(Smith 1958) and sporadic E occurs most frequently at summer midday. 
At this time, throughout the temperate zone 

x: < 60° — 23° 

= 37° 

so that cos X varies from 0*8 to 1, and (cos x)”° ® varies from 1-12 to 1. 
On the other hand, the term coui cos $ is proportional to the horizontal 
component of the earth’s magnetic field which varies by a factor of almost 3 
over the temperate zone. Thus we expect the maximum electron density 
to be dependent mainly on the horizontal component of the earth’s magnetic 
field. This is precisely the relationship found by Heisler and Whitehead 
(1960a) for the percentage of time foEs > 5 Mc/s, and appears to provide 
very strong evidence in favour of this means of sporadic-E* production. 
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So far we have only considered the gradient of Vz required to produce 
sporadic JE, and the height at which it is most likely to appear. It is possible 
to estimate the maximum vertical scale structure of the wind from the 
following consideration. Sporadic E appears low down in iS'-region at such 
a height that Uy — Vy where the average is taken over a range of heights 
from about the level where = com down to just below where the layer 
itself is and is weighted fairly evenly over this range. This condition leads 
to the gradient of Vz at the sporadic-^ level falling off more rapidly than 
Fo/A, so that because the range of integration is about 10 km, the gradient 
becomes only 1/5 for A — 30 km as for A = 10 km if Vo is kept constant. 
Thus the effective vertical wave-length will not greatly exceed 30 km. 
This limitation is most important at night, and shows that the peak 
electron density will then be determined principally by diffusion. In fact 
the limitation at night is stronger than deduced above, because the height 
of the bottom of E layer moves upwards and thus reduces the height 
range of the integration to less than the 10 km assumed. 


7 . The Persistence of a Sporadic-Layer 
The Need for a Persistence Mechanism 

It might be thought that a sporadic-^ layer would persist for just as 
long as the wind system. However, small changes in the winds result in 
the layer being formed at a different height, and the original layer decaying. 
For instance, if the wind system has a quasi-period of 1 hr and A — 5 km, 
the height at which Vz ~ 0 changes at the rate of *^2 m/sec. If the layer 
is 100 m thick (determined by diffusion) it will only have ~ 50 seconds to 
form as against ~200 seconds required (taking i? 8) from equation 
(4.5). The peak electron density would be much less than that for a 
constant wind. 


The Way in which a Layer once Formed tends to Persist 

Suppose a dense layer has been formed at a height a little below i?-region 
maximum and the winds are suddenly changed. Looking back at equation 
(2.1), it will be seen that because most of the electrons are near the maxi¬ 
mum (for R — 10, over 50 per cent of all the electrons are within A/10 of the 

peak), I F da- becomes small and I G dsr > j F d.8f. Moreover tJya 

J-oo J-oo J-00 

becomes very close to the value of Uy 2Lt the peak value of G, i.e. at the 
peak of the layer. Thus Uy — Vya will remain small at the peak of the 
layer, in spite of the wind change, and so layer formation at the same 
height continues. 

What happens is that the sporadic-^* layer forms a region of high con¬ 
ductivity and the electric fields are almost entirely the result of winds in 
the layer itself. 
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8. The Effect of a Sporadic-jE Cloud on the Earth’s 

Magnetic Field 

Initially the boundary conditions were fixed so that no net horizontal 
current flows. Infinite equal but opposite current sheets produce no 
magnetic effect outside the sheets. However, this situation is modified by 
current leakage allowing some net horizontal current, and by the current 
sheets themselves having only an extent of about 100 km. The result is 
that the currents which arise because of the horizontal winds do indeed 
cause a change in the earth’s magnetic field. 

It turns out that during the formation of a sporadic-.E' cloud, the hori¬ 
zontal component of the earth’s magnetic field should decrease by a few 
1/10 y and should incline to the West a few seconds of an arc. In a private 
communication, J. A. Thomas reported that a decrease in horizontal 
component of ~7y has been observed, much larger than that predicted 
by the theory. 


9. The Association between Sporadic-jE and F-region 

Travelling Disturbances 

There have been reports of an association between sporadic-^ and 
F-region travelling disturbances (Heisler and Whitehead (1960b), Bowman 
(I960)). The explanation appears to be that the electric fields produced in 
F-region by the same horizontal winds giving rise to sporadic E are trans¬ 
ferred along the magnetic field lines (which are almost equipotentials) and 
cause movements of ions to form a ripple in the F-region isoionic contours. 
The details will not be discussed here, but it appears that the association 
would not be expected to be a very close one and that both E—W and N-S 
winds play a part. 


10. Conclusions 

The mechanism for the formation of a sporadic-F layer from a vertical 
gradient in horizontal winds appears to explain many of the features 
observed, in particular the global distribution of sporadic F, its height of 
occurrence, the observations of stratification and its association with 
F-region travelling disturbances. Detailed observations of the horizontal 
winds are required, perhaps following the method used by Blamont (1959). 
It would also be valuable to have more detailed knowledge of changes in 
the earth’s magnetic field associated with sporadic F and the actual current 
flows measured by rocket magnetometers passing through a sporadic-F 
cloud. Much more detail is also required of the shape, thickness and fine 
structure of the electron density distribution, and of the electron content. 
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The persistence mechanism may explain the long lifetime of meteoric Es 
(Naismith 1954) and also suggests how a dense blob of ionization, artificial 
or natural, may grow to form an Es cloud. 
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Structure of at Temperate Latitudes 

K. Rawer 

lonospharen-Institut im Femmeldetechn. Zentralamt der Deutschen Bundespost, 

Breisach/Rh., Germany 

Abstract—description of the behaviour of Es is first given by appropriate 
statistical means i.e. with auto- and cross-correlation functions and by the fluctua¬ 
tion range. The different effects appearing in monthly median values of top and 
blanketing frequencies are described. Some results concerning the electron density 
profile of Es layers can be deduced from routine and special observations. Different 
methods and results are given in order to describe one of the most unique features 
of Es viz. its variable transparency properties. A suitable model of the electron 
density distribution in three coordinates can be given. By comparison of the 
observations with different theories it is concluded that different from the other 
ionospheric layers E$ has a “meteorological” behaviour; vertical exchange trapped 
by some discontinuity, eventually wind shears, seems to be the most probable 
explanation. 


Introduction 

It has been known for a long time that the frequency-characteristics 
of the J?s-layer are highly variable in time and space. The modern technique 
of direct recording of characteristics (Nakata, Kan and Uyeda 1953, Bibl 
1960a) provides a powerful tool to follow rapid variations of both the top 
and blanketing frequency of Es layers. Typical examples are given in 
Figs. 1 and 2. 

Each of these figures shows three records, each as a function of the hour. The 
lowest record is that which is of most interest here; it gives/tF, the top frequency of 
the F-region. The variable white traces on this record indicate the frequency range 
where echoes had been obtained from the corresponding height range. Except for 
the time between 0100 and 03 00 hr the lower limit of this range is given by the mf 
broadcasting band. The upper limit can be identical with foE or fxE or foEs or 
/bFb. In Fig. 1. we have winter night conditions so that echoes from the F-layer 
appear only after 07 00 hr. All other echoes are from Fg. As a result of gyro absorption 
(p. 156, my other contribution) there is a discontinuity near 2'6 Mc/s; at frequencies 
below that limit the gyro absorption was too strong for the ac-component to appear. 
So upper range limits seen below this value correspond to /oFg, limits above 
generally to fxEs. Figure 2 has been obtained in summer. During daytime foE is 
quite visible as a small dark band passing rather regularly through the echo range 
(see 10 00-17 00 hr). This is the effect of selective absorption near/oF. Only when 
blanketing is rather strong does this band disappear as can be seen between 05 00 and 
07 00 hr. In daytime the lower limit for the visibility of the ac-component is well 
above /oF, at noon at about 5 Mc/s. Both magneto-ionic components can be seen 
separately between 0300 and 0400 hr for example. 

The record in the middle gives virtual heights, h' (inscribed from top to bottom). 
F- and F«-traces can be seen near 110 km, the double echo near 220. F-echoes are 
found at about this level in daytime but at more than 260 km at night. Appearance 
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Fig. 1. Record of characteristics MUF, h' and/tF with short “bursts” of Eb (16/17-1-59). 























Fig. 2. Record of characteristics MUF, li and/^F with longlasting Es (16/17-6-59). 

(MHz=Mc/s) 
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and disappearance of Eg is readily seen in this record, the double echo shows that the 
jEfi-cloud was overheads. Blanketing can also be seen as in these cases the J7-trace 
is interrupted, at least at lower i^-heights. This can be seen on Fig. 1. several times 
between 17 00 and 1900 hr, also between 2000 and 2200 hr and after 06 00 hr, on 
Fig. 2. at 17 00 and 04 00-05 00 hr. 

The uppermost record gives the **MUF 3000''. The white bands in this record 
are the usable frequency range after the N. Smith transformation. Its lower limit 
in most cases is given by blanketing by normal E, but when blanketing by Eg 
occurs it can also be seen on these records. So the four “flashes” of Eg between 17 00 
and 18 30 hr on the lower record of Fig. 1 can also be seen as blanketing flashes on 
the uppermost record. It is similar with 20 30, 2110, 0600 hr on Fig. 1, also with 
17 00-1800 and 0400-05 00 hr on Fig. 2. 

We learn from these records that important variations of/E* can occur, 
the duration of a “flash’* being often quite short, a few minutes only 
(Fig. 1). On the other hand one has also cases where the variation of the 
Es-data is rather slow; important Es-ionization can be present for hours 
(Fig. 2). It is not quite the same with blanketing; fbEs has a preference 
for short flashes, cases of long-lasting heavy blanketing are not quite 
so frequent. 

In the presence of such rapid fluctuations it is difficult to determine a 
representative value of ionization or blanketing. It is evident that if 
readings are taken only once an hour these are not all representative for 
the hour. In this respect Es parameters differ from most other conven¬ 
tional characteristics. With quarter-hourly readings the situation is only 
slightly better. It must be clearly stated that “spot readings’* if not used 
for instantaneous comparison are only valuable as a mass, the statistical 
behaviour of which is the only useful information. Some average, e.g. a 
time integral over the foEs or f^Es curve respectively, would be a more 
representative parameter. (Bibl 1960 b) has recently tried to approxi¬ 
mate this idea by a suitable reduction of such records; his “dynamic 
measure of Es* is a representative value for the hour obtained by multi¬ 
plication of the median value by the number of “flashes” per hour. 

1. Statistical Properties 

I’he conventional characteristics,/ 0 E 5 and/eEg, are interchanged in the 
form of hourly tabulations. Considering the rapid variations in time and 
space we should first look for the statistical behaviour of these data. When 
treating this problem two difficulties have been encountered which are 
of a general nature. 

1.01. As we explain in detail in our other contribution the conventional 
frequency characteristics/oE^ and fiEs are not independent of the sensi¬ 
tivity of the ionosonde and, in particular, its variation with the frequency. 
Therefore in most cases it is not useful when the measured values are 
directly intercompared. However, the relative variations of these para¬ 
meters are significant. (This is true if the frequency variation of sensitivity 
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is not extremely anomalous.) Therefore correlation methods can be used 
successfully; this is true for the variations in time and space, especially if 
results from different stations are to be compared afterwards (Rawer 1955). 
1.02. The other difficulty comes from the fact that classical correlation 
methods can only be applied when all entries are numerical ones. Unfor¬ 
tunately ours occasionally disappear. So non-numerical correlation methods 
had to be applied. Instead of the rather laborious methods of size classi¬ 
fication (Fisher 1925) a very simple counting method has been introduced 
by the author (Rawer 1951), In its present form (Lovera 1953, Rawer 1959) 
the resulting ‘"correlation number’* is equivalent to the “classical corre¬ 
lation coefficient” in the case of Gaussian distribution of both variables. 
1.03. These difficulties being resolved we can proceed to a statistical 
analysis either by auto-correlation or by cross-correlation between stations. 
Unfortunately the fluctuations are so large that an isolated determination 
of a correlation value is not significant. This can for example be seen by 
looking at Figs. 1 and 2. Therefore we have determined correlation num¬ 
bers for many individual sets of data; the median value of these can be 
considered as being significant. The final result of our correlation study 
will be the median auto-correlation or correlation function, i.e. the median 
value of the correlation number jR as a function of time difference or local 
distance. It must, of course, be admitted that significant differences may 
exist for example between day and night or between north—south and 
east—west direction. Unfortunately the material we could investigate until 
now is not yet large enough to look for all possible differentiations. 

1.1 Auto-correlation 

1.10. A reasonable set of homogeneous data is obtained if the observations 
of two fixed hours which differ by A? are intercompared for all days of a 
month. As we use a correlation method only the relative variations are 
important so that it does not matter if the median values of both hours 
are different. Unfortunately hourly readings are not enough to give the 
most interesting part of the auto-correlation function. Therefore our results 
are especially based on the observations of Lindau (Germany), a station 
which reduced quarter-hourly values during the IGY. For smaller time 
difference it is very diffcult to get results from routine stations. If an 
auto-correlator was at hand one could of course use the curves of foEs 
visible on records like Fig. 1. 

1.11. The results of all determinations we have made with numerical values 
from routine scaling are shown in Figs. 3 and 4. First of all it can be seen 
that the dispersion of individual series of observations is very large. Only 
the medians of many determinations give a monotonic curve. The median 
curve for the top frequency foEg (some older results obtained with fEg 
are also given). Fig, 3, is nearly linear if a logarithmic time scale is used. 
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Fig. 3. Auto-correlation function iot foEa or fEa. 


In the most interesting range it can approximately be described in the 
following form: 

correlation number R == 0-47-0-45 log (Atjl hr) 

This formula is only valid in the limited range 15 min < Af < 5 hr. 

1.12. It is also interesting to look for the dispersion of the data and we 
may try to give the deciles in a similar form for the same range: 

Lower decile: T^min = 0*53-0-73 log(Af/20 min) 

Upper decile: jRmax — 0*5—0-25 log(A^/10 hr) 

1.13. Roughly Fig. 3 can be described by saying that the auto-correlation 
oi foEs falls to 0*5 at about ^ = 1 hr; this is also that range where no 
(individual) negative i?-values are found. Even if the median i?-value is 
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Figr4.'^Auto-correlation function, for ft > Es . 


always positive, some individual correlation number may be negative for 
Ai > 1 hr. For fbEs the time constant is shorter, of the order of ^ hr. 
(Fig. 4). 

It is not likely that significant differences exist in this respect between 
different temperate latitude stations, but it seems rather certain that the 
conditions are different in the equatorial belt, i.e. in that zone where the 
**9' ■tyP®” occurs regularly during daylight hours. 

1.2 Cross-correlation 

1.21. Now we come to cross-correlations between distant stations. The 
first work on these lines was done fifteen years ago in a European network 
of stations (Hochtl and Rawer 1949) with all observations of individual 
days. In that case a systematic error was introduced by the median diurnal 
variation of the parameter; this influence tends to give a positive correlation 
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value even if the occurrence of Es is locally completely independent. How¬ 
ever, the dispersion of the results is so large for individual days that for 
distances greater than 500 km one occasionally has negative correlation 
numbers. The error can be avoided if a daily characteristic is used 
instead of an instantaneous one. The highest fEs value of each day has 
first been used by us, then the total number of readings where fEs was 
greater than a fixed-frequency value. Also in that case, with several sets of 
observations we found enough dispersion. The average result was that the 
correlation function dropped rapidly between 300 and 600 km, zero 
correlation was practically attained when the distance was larger than 
1500 km. This is shown by Fig. 5. (Traditional correlation coefficients r 
have been used in that figure, whilst the other results are expressed by 
correlation numbers (Rawer 1959).) 

1.22. Later on we avoided the effect of diurnal variation by working with 
restricted time periods every day. According to the monthly median curve 
these hours had been chosen in a way that the median diurnal variation 
was neglectable. The difficulty with this work was that short distance pairs 
of stations working under similar technical conditions are rather rare. In 
particular for distances less than 500 km only a small number of pairs were 
available at all so that stations with rather different equipment had 
to be used. These pairs are; Freiburg-Schwarzenburg (140 km), 
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Freiburg-Lindau (430 km). For medium distance we have mainly used 
Australian stations: Canberra-Brisbane (960 km), Canberra—Hobart 
(870 km). 

1.23. All results obtained in this way have been plotted on Fig. 6 ior foEg 
(resp. fEs for older measurements) and on Fig. 7 for the blanketing fre¬ 
quency fhEg. Here, again the dispersion is large in spite of the fact that 
every set has been obtained with at least 60 pairs of observations. 
However, the medians given in Fig. 6 are quite continuous for foEg. 
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The data for fbEs are not very many, but it seems that the decrease is 
more rapid than with foEg. Remembering that foEs and fbEg roughly des- 
scribe maximum and minimum electron density we may summarize the 
results in the following form: The correlation range is somewhat larger for 
the maximum than for the minimum electron density; it is of the order 
of 200 km for the first and 100 km for the second parameter. (We define 
the range by a correlation number of 0*5.) It must be emphasized here 
that a high degree of correlation found between two phenomena does not 
yet mean that there is no difference at all between both. For this reason 
the diameters found with the correlation analysis are only an upper limit 
for the patch dimensions. 

1.24. The world-wide network of ionospheric routine stations is concen¬ 
trated on the three longitudes 10°E, 130°E and 90°W. As the medium 
latitude difference in each chain is of the order of more than 5° the net¬ 
work is not dense enough for this sort of investigations. Distances of 100 km 
and smaller ones are needed. We made a special experiment using one 
sender on a fixed frequency (4-2 Mc/s) and two spaced receiver, B, 
at a distance of 50 km; one was at vertical and the other one at oblique 
incidence, so that the reflexion points were separated by 25 km. A correlation 
number could be determined by distinguishing four cases according to 
the presence of an Eg echo: at A and By A and not B, B and not Ay neither. 
The total number of hours where these cases have been observed are: 
265*5, 41*1, 41*2, 524. This corresponds to a correlation number of 0*976 
for 25 km. This value can be considered as an upper limit for the corre¬ 
lation number oifoEg. It is as near to the correct value as appearance and 
disappearance of the echo follows the fluctuations of foEg ; the agreement 
was rather good in the conditions of our experiment. 

“Faute de mieux’* we have introduced these results also into Figs. 6 
and 7. 

1.3 Fluctuation Range 

1.30. With Figs. 3, 4, 6 and 7 we have learned something about the 
statistics of Eg ionization. But this is not yet enough to give a satisfying 
description of the statistical behaviour of Eg. The definition of correlation 
coefficients or numbers is independent of the absolute importance of fluc¬ 
tuations. We have also made cross-correlations with foEy the critical fre¬ 
quency of the normal E'-layer; the correlation-radius was found to be not 
larger than 500 km. However, for a given hour the fluctuations oifoE are 
extremely small, so that the ionization is truly homogeneous. From a low 
correlation value alone one cannot conclude that the individual values are 
very variable. A conclusion affords some numerical information on the 
fluctuation range. 

1.31. For some ionospheric characteristics this range is very small. For 
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foEs the decile range it is about per cent. The first statement is now that this 
range is extremely high ior foEg, of the order of ilOO cent. For/^j^s 
it is considerably smaller, ±50 per cent in the worst cases. In Fig. 8 we 



-2 0 +2 +4 

Fig. 8. Statistical distribution functions of 
(a)/©^, (Mc/s) summer noon values Freiburg (1948-51) 



AfoEs/Mc/s 


(b)/o£'a, (American stations, January 1958) day 
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Afo£s/Mc/s 

(c) foBg, (American stations, January 1958) night. 

(hatched fields: left side: below foE (a, b) or lower recorder limit; 

right side: higher values.) 

give some distribution functions for the difference of individual values 
against the monthly median. Figure 8a is for summer noon conditions at a 
temperate latitude station, it covers more than 1300 fEs readings obtained 
during a total of 16 months. An important fraction are those cases where 

no Es was observed (fEa ==- G). This is the large block at the left 

side, it contains more than one quarter of all values. The distribution is 
asymmetric, viz. expanded towards high values.* This asymmetry would 
appear even more clearly if we had plotted maximum electron densities 
(which correspond to foEa (Bibl 1960 b). This is a remarkable feature of 
the statistics of Ea ionization. 

1.32. The distribution given in Fig. 8a shows an increased probability 
about 2 Mc/s above the median. Inspection of mass plots of stations at 
different latitudes shows a typical phenomenon which must be decribed 
here. Even at medium latitude for some summer month in day time the 
mass plots split up into two distinct groups, one slightly above/oE and 
the other one at higher values. This occurs rather regularly at low latitudes. 

* This cannot be explained with the mixture oifxEe and jfoF* which contains an 
Eg mass plot because the corresponding frequency shift of 0-6 Mc/s is too small. 
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Figure 8b gives some distribution curves (obtained from the day observa¬ 
tions of only one month) for stations of different latitudes. A double cusp 
curve appears at Talara (inclination +13°); the dispersion range is much 
larger than at other stations. As we approach the dip equator the lower 
values tend to disappear (Chimbote). During daylight hours Es appears 
regularly with a high ionization. It must be retained that the rather small 
maximum at Huancayo corresponds to the upper cusp of the transition 
region whilst the maximum concentration at higher latitudes corresponds 
to the lower one which is situated near/oi?. All this proves that the statistics 
of Es ionization are very far from a Gaussian distribution. 

1.33. With this result it is evident that a description by fixed probability 
ratios can be very misleading. As quartiles are used successfully for other 
characteristics we may see whether they can be useful here. This is cer¬ 
tainly not so for the lower quartile, as at temperate latitude it falls most 
often into the *‘G-cases’* where no Es is observable. The upper quartile 
may be more useful except from some apparent discontinuities which 
must appear in the transition region where the distribution has two cusps. 
In Figure 9 we give a map of the ratio upper quartile over median value 



January 1958 


Fig. 9. Ratio of upper quartile over median/cJSs (American stations, 
January 1958). Ordinate magnetic dip I. (Blank space: no precise 

information). 
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for a winter month in the American continent down to the dip equator. 
For temperate latitude winter, the ratio is roughly of the order of 1*2 
during the day but considerably higher in the night, about 1*5. (Values 
are missing in the late night when the median was inferior to the lower 
frequency limit.) Large values occur at Talara, day and night, also at 
Chimbote for most hours. At Huancayo the concentration is on the upper 
cusp only, and therefore here the lowest values of the ratio are found, 
most inferior to IT. For illustration we may mention that for/oF2 the 
ratio is of the order of 1T5. So foJSs has the largest fluctuation of the 
current ionospheric parameters. 

1.4 Summary on statistical behaviour 

Auto- and cross-correlation function on one side, fluctuation range on 
the other are sufficient to give a usable description of the statistical be¬ 
haviour of a parameter. So, we are now able to summarize this chapter. 

1.41. foEs which is a measure of the maximum plasma frequency of an Es 
layer (see Section 5) undergoes very important and rather irregular fluc¬ 
tuations. As on the other hand the correlation range can be quite narrow 
in time and space (down to 10 min and 50 km) the phenomenon is some¬ 
times localized to a small area and/or duration. In the median, however, 
the ranges are about 1 hour and 200 km. These values give an upper limit 
of the size of *'Es patches”, more precisely they give the rough structure 
of the phenomenon. It must be emphasized that this rough description 
does not take account of the certainly existing fine structure; we shall see 
in Section 5 that fine structure only can explain the observed transparency 
of the layer, i.e. the difference between foEs and fbEs. 

1.42. fbEsi which is a measure of the minimum plasma frequency of an Es 
layer (see Section 5) undergoes smaller but also quite irregular fluctuations. 
As the correlation range is smaller than ior foEsy we may conclude that the 
relative changes in time and space are nearly of the same order as for foEs. 
The statistical distribution oi fbEs is also asymmetric, extended towards 
higher values; in the average aberrant high values are more different from 
the median than are aberrant low values, but the first ones have a shorter 
lifetime. 


2. Monthly Median Results 

With these large fluctuations the question arises whether the monthly 
medians of our parameters have enotigh physical meaning to be studied 
in detail. It is not too difficult to find special cases where this appears to 
be questionable, but there is a large domain where the median has at least 
in some way a representative character. For example fbEs with its smaller 
fluctuation range shows a marked difference between daytime when 
blanketing is frequent and important and night-time when it is rather rare. 
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Also foEs nearly evei:ywhere shows a clear statistical difference between 
day and night and has some quite marked periods of increased occurrence. 
On the other side our basic information is limited by the fact that with a 
total of 30 observations every month and hour and with the large fluctua¬ 
tions the smaller variations of the median are not significant. Therefore we 
should not pay too much attention to detail features of the monthly 
median curves. 

2.1 The Top Frequency foEs 

2.11. What are the main features of the median curve/ ojEs? Let us look 
at Fig. 10 where one year’s set for a temperate latitude station is repro¬ 
duced. The first impression is that a great regularity appears in these 
curves. They look not too much different from similar curves of foF2. 
At night, a continuous decrease of foEs can be seen which is even 
more regular than the behaviour of foF2 at many stations. Of course, this 
is only a statistical result indicating that the probability of Es ionization 
decreases during the night. (For an individual night it could well occur 
that no Eg is observed before midnight whilst an important ionization is 
seen during one of the last night hours.) Also in daytime there is a certain 
regularity with a first maximum near noon and, eventually, a second 
maximum in the early evening. 

2.12 The seasonal ejfect is very marked. The number of occurrences as well 
as the median foEg values are much lower in winter than in summer and 
this is true for day and night. In temperate latitudes Eg is, essentially, a 
summer phenomenon. Summer should be interpreted here in the meteoro¬ 
logical sense, i.e, the high temperature period at the ground which is 
about May through September for the northern hemisphere. (This is 
slightly delayed against the period of maximum solar height.) The summer 
preference must be remembered as one of the most regular features of Eg 
at temperate latitudes. It is also true for the southern hemisphere as can 
be seen from Fig. 11. Only near the equator is the phenomenon less clear. 

This can be seen from Fig. 12 where the old parameter, /Es, has been 
plotted against month and hour, for several years. 

The summer preference appears even more clearly in the statistics of 
high Eg ionization. In Fig. 13 we have plotted the number of cases where 
foEg was greater than 6-5 Mc/s which is a rather large ionization value for 
temperate latitudes*. The season of maximum appearance at temperate 
latitudes is very clearly summer; in the northern belt this is even valid for 
Dakar (latitude 15®N, inclination +17°) but in the southern belt Tsumeb 


* This count corresponds roughly to older statistics with fEa >7 Mc/s as in these 
cases the ae-component of the Eg trace is always present. 
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Fig. 10. Median/oiS« Freiburg 1958 (broken lines: below/oF; arrows: 

below lower limit of recorder). 
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Fig. 11. Median foEs Capetown 1958 (see 10; dotted lines: no 

observations). 
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Fig. 12. (cont^d) 

(c) Djibouti (11*5 N, 43*1 E) 
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Fig. 12. (contd) 

(d) Nha-Trang (12-2 N, 109-2 E). 
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(19°S, —54°) shows two maxima, one in summer and one in winter. On 
the other side in South Africa the total number of high values is very small 
and centered on local summer. As a general rule for temperate latitudes 
we may state that high values are very rare during seasons other than 
summer. 

2.13. Near the dip equator the absolute number of high values increases 
enormously (in Fig. 13 a reduced root scale has been used). At Djibouti 



Fig. 13. Probability of high foEs values (>6*5 Mc/s), seasonal 
variation in Kurope and Africa (counts per month in a square root 

scale). 


(12°N, +6°) as well as at Ibadan (7°N, —6°) the seasonal effect is only 
small,two shallowmaxima appear with onemonth’s delay after the equinoxes. 
The total number of observations of high Es ionization is many times that 
observed at temperate latitudes; nearly all these are daytime observations. 
The highest values are found at Ibadan; Djibouti which is at the same 
absolute dip value has less. Also Tsumeb gives rather large numbers. This 
seems to show that the dip equator effect is not a unique function of the 
dip. The conditions are discussed in detail in S. Matsushita’s contribution. 
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2.14. As Fig. 12 covers several years, by intercomparison we can learn 
something about the secular** variation. Looking at all figures the most 
striking features are (1) that the correlation between different stations is 
not good, (2) that no clear trend with the solar cycle can be seen. As a 
proof for the first statement we may look at Figs. 12c and d, two stations 
at nearly the same latitude and inclination. Highest concentration occurs 
at Nha-Trang in 1952, at Djibouti in 1954/55. As to the second statement 
looking at Freiburg (Fig. 12a) or Nha-Trang (Fig. 12d) one should state a 
positive correlation with solar activity (the sunspot minimum was in 1954), 
but a negative one at Djibouti (Fig. 12c) and none at all at Dakar (Fig. 12b). 



Fig. 14. Correlogram between probability of high/£» (>7 Mc/s) and 
(gliding) mean sunspot number. (Every point correspond to a 
summer term; dots Brisbane 1943-49, crosses Freiburg 1947—51). 

For any other ionospheric layer one has found a quite regular correlation 
with the sunspot number. No similar general relation seems to be valid 
for lEs at temperate and low latitudes. (The situation is different in the 
auroral zones because the auroral Ms ionization is correlated with the 
number of auroral disturbances, hence, in some way with the sunspot 
number.) This is a very important result because it excludes the eventuality 
that Es ionization could be due to a solar wave radiation similar to that 
which causes the other layers. 

2.15. Instead of considering median values we may now look for the 
occurrence of high Es ionization. A correlogram between the total number 
of observations above fixed values and the sunspot number is given in 
Fig. 14 for two temperate latitude stations, one in the northern and one 
in the southern hemisphere. Each point corresponds to one summer. 
The diagram indicates no correlation. 
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One difficulty of all such series is that for most stations the sensitivity 
is not constant over years, as the equipment has been changed and replaced 
several times during a solar cycle. It seems, however, that with modern 
equipment this only introduces a minor error, just for counts of high values. 

From the old literature we may cite three rather long series of observa¬ 
tions made at 52°N (Appleton and Naismith 1940), 48°N (Brand and 
Zenneck 1944, Rawer 1955) and 28°S (McNichol and De V. Gipps 1951); 
unfortunately different definitions have been used. From these series we 
come to the following conclusions: At Slough (52°N) a positive correlation 
was found for the number of intense Es cases in summer, but it vanishes 
when yearly numbers are used; no correlation was found with rather small 
Es ionization. At Brisbane (28°S) (McNichol and De V. Gipps 1951) a 
negative correlation was reported for high Es ionization—and a positive 
one for small ionization. 

With the observations made at Kochel and later at Freiburg we have 
established a long series of counts. In Fig. 15 we have built up a graph 
indicating the number of high values from 1940 to 1959 at 48°N. Apart 
from the summer preference which is clearly visible on the noon values 
(Fig. 15a) we have a maximum in 1949/50 and another, smaller one in 
1958/59. Minima occurred in 1942/43 and 1953/55. There are some phase 
differences, but the average correlation with the sunspot number seems 
to be positive. Unfortunately the midnight values of the same period 
(Fig. 15b) show a rather different pattern. 

There can be no doubt that important fluctuations between different 
years exist. This can be seen from all series covering many years. We 
cannot exclude a component related to the sun’s activity but first evidence 
is that the major fluctuations are not world-wide. The conditions could be 
similar to those in climatology where also important differences exist be¬ 
tween different years, the changes being often quite independent in 
different parts of the world. We may see in Section 5 that this analogy 
eventually has some significance. 

2.16. A small lunar effect on the top frequency has been found at different 
places (Matsushita 1953, Rawer 1955). At Freiburg with the noon obser¬ 
vations of 16 summer months we mainly found a lunar 24 hr modulation 
of nearly 0*3 Mc/s, the positive phase being at about 17 00 hr lunar time. 
This is interesting as the 24 hr lunar oscillation should normally be less 
important than the 12 hr oscillation which is directly excited by gravita¬ 
tional forces. Details are discussed in a contribution by S. Matsushita. 

2.2 llie Blanketing Frequency f^Es 

We should now consider the second routine parameter, viz. the 
blanketing frequency. Whilst foEs characterizes the top ionization which 
is only seldom reached, fbEs describes that part of the Es phenomenon 
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Fig. 15. Long term variation (Freiburg) of probability of rather 
important Es if Eg > 6,foEa >5-4 Mc/s). 

(a) noon, (b) midnight values. (Ordinate: month). 


which is more or less widespread. So, if a high value fnEg is observed 
this means that much more ionization exists in the area of the station than if 
the same numerical value was obtained with foEg. Therefore it is evident 
that fbEs at no instant can be greater than foEg and that it should also be 
less variable than the top frequency. 
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2.21. Summarizing the observations at temperate latitudes we may say 

that there is a large number of cases where the layer is opaque, i.e. fbEs is 
nearly equal to foEs^ and there is another large number of cases where no 
blanketing can be seen on the record, i.e. is inferior to the lower 

limit of the recorder. (Roughly speaking this lower limit normally corre¬ 
sponds to an electron density value of the order of 10^® m“3 whilst the 
highest observed values come to nearly 10 rn~3.) So ivn^oxtaiit variations 
of blanketing conditions exist. 

2.22. Figure 16 shows one year’s set of monthly median curves of fbEs for 
a northern temperate latitude station. Monthly median values fbEs are 



L.M.T, hr 

Fig. 16. MedianFreiburg 1958 (see 10.). 
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found to show a rather regular behaviour. In the summer months where Es 
is frequent, blanketing also is frequent, and the median value fbEs is 
generally slightly above that of foE, the critical frequency of the normal 
^'-layer. For the other months, where Es is less frequent we have many 
cases where the median value fbEs is below foE\ in these cases no true value 
can be given as the normal ionization hides the homogeneous Es ionization 
which at any case is small. In these cases we have interrupted curves. 
Winter curves are often interrupted whilst a diurnal maximum clearly 
appears in summer. It can be seen by intercomparison of Figs. 10 and 16 
that the ionization density corresponding to fbEs is much less than the 
top electron density as measured by foEs. 

2.23. The seasonal behaviour can be studied by looking at Fig. 17. We 
should remember three features from these figures; (a) The diurnal and 
seasonal behaviour is most regular, it is more similar to the graphs of foE 
than to those of / 0 F 5 . (b) The absolute value fbEs is considerably less 
than that of foEs. (c) The magnetic equator has some effect on the fbEs 
plot but it is small (Rawer 1953). We do not have the “G-case” {foE '> fbEf) 
at Djibouti whilst for example at Johannesburg it is quite frequent. 

2.24. As to the long term variations it is difficult to obtain a clear picture 

from the median as during the day fbEs is quite near to foE, or even below 
in the “G-case”. Now, as foE depends clearly on the solar activity an 
apparently similar behaviour must be found for fbEs. Also, if the extra 
Es ionization is nearly independent of the solar cycle—as it looks likely—the 
effective ionization value will nevertheless depend on the basic ionization 
existing in the jF-layer, at least in those cases where the extra ionization 
is not very important. 

Therefore, in order to see whether the extra ionization itself depends 
on the solar cycle, we must look at the highest/&Fs values. Fig. 18 is a 
correlogram between counts of high fbEs (>5 Mc/s) against the sunspot 
number, each point corresponding to one summer period (similarly as in 
Fig. 14). No clear correlation is visible. 

3. Profile of the Layer 
3.1 The Virtual Height h'Es 

The minimum virtual height of Es has more physical significance than 
that of a thick layer. h'Es should be nearly equal to the true height of the 
J?s-layer as this layer is so thin that no appreciable retardation occurs. 
Difficulties could only arise in those cases where foEs is only slightly 
greater than foE and retardation in E plays a role. If the conventions are 
correctly followed h'Es is read only when the end of the trace appears to 




1953 1954 

Fig. 17. Seasonal and diurnal variation of median/bFs. 
(a) Freiburg 1952-55. 
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be horizontal; in that case the difference between virtual and true height 
should be small. The results on h'Es are discussed in S. C. Gladden’s 
contribution. 

For our final discussion we need one special feature which has recently 
been found by Bib! on direct records of characteristics (Bibl 1959). 



Sunspot number 


Fig. 18. Correlogram between probability of high/oFs (>5 Mc/s) and 
(gliding) mean sunspot number (see Fig. 14). 


25 . 5.59 15 . 5.59 



UT 

Fig. 19. Simultaneous variation oifxEs (thick curve) and h'Es (points 

and thin curves). 

Figure 19 shows simultaneous variations of fxEs and h'Es', the largest 
ionization values correspond to the minimum height values. This is only 
one example for BibFs general statement that the Eg ionization has a 
tendency to increase with decreasing height and vice versa. 
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3.2 J'he Thickness 

Recent rocket observations have shown that Es is a very thin layer, 
only a few km thick; these are reported in C. Seddon’s contribution. 

3.20. The same conclusion, though with less accuracy, can also be deduced 
from the ionograms. No retardation cusp can be seen normally on an Es 
trace so that the thickness cannot be determined as for other layers. (Some 
rare “cusps” which have been found have the form of a hook, the thickness 
value found from the form of these traces is smaller than something 
like 5 km). 

3.21. Another way can be used when an M-echo is present. This is reflected 
at the upper boundary of Es. By comparison with the J?s-echo which is 
reflected at the lower boundary the thickness A can be found from 

A = 2 hXF) — h'{M) — h\Es) 

The h' readings must, of course, be made at the same sounding fre¬ 
quency; the method fails when the ray path of the Af-echo is not mainly 
vertical. With an accuracy of about km one finds values of a few km 
(Rawer 1955). 

3.22. Similar results have been obtained by Briggs (1951) with accurate 
measurements of the partial reflection near the critical frequency of 
“completely opaque” .^«-layers; the result is interpreted in terms of 
wave optics using results calculated by the author with a suitable layer 
model (Rawer 1939). I'he average of a few such determinations was 5*5 km. 

3.3 Sharpness of Echoes 

3.31. Most temperate latitude Es echoes are quite sharp, indicating that 
the reflection surface is well defined and rather smooth over several Fresnel 
zones. In particular absorption investigations have shown that opaque 
Es layers normally give a well defined echo with a higher reflection co¬ 
efficient than that of normal thick layers (Bibl, Paul and Rawer 1959), the 
same studies have shown that with these opaque Es layers one only 
rarely has the long term “focusing fading” which is so frequent with 
normal layers. The majority of transparent Es layers also give quite sharp 
echoes, at least at temperate latitudes. 

3.32. By inspection of individual ionograms we have tried to give a 
classification of echoes in three classes (Rawer 1955). Some statistical 
results of this analysis for March 1952 are shown in Fig. 20a to d. At 
temperate latitude (Fig. 2()a) about 70 per cent of all F'«-echoes are sharp, 
tr\ily diffuse echoes are seen in no more than 10 per cent (less than it 
would he with F-echoes). As we approach the equator the relative im¬ 
portance of diffusion increases (F'ig- 20b). At the dip equator (Fig. 20c) 
we have much diffusion, in particular in daytime when the g'-type Es 
occurs. Also at the southern side of the dip equator (Fig. 20d) diffusion 

I.S.l. ~Y 
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(c) 



hr 


(d) 


Fig. 20. Classification according to echo sharpness (March 1952). 
(a) Freiburg, (b) Dakar, (c) Djibouti, (d) Lwiro (2-2 S, 28-8 E), 
(lower blank: sharp; broken hatched: slightly diffuse; hatched: 

diffuse). 
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is very frequent with a maximum in the morning and another one in the 
evening. In this special example we find the maximum diffusion at Lwiro 
(Fig. 20d) and not at Djibouti which is near to the dip equator. 

3.33. If we had some information on the direction of arrival of jS's-echoes 
we could come to conclusions regarding the roughness of the reflecting 
surface. Also if oblique-incidence echoes were frequent we would have an 
easy explanation for the difference between foEs and/^^*®, as, in that case, 
one would expect yo-Eg to correspond to the oblique soundings. With this 
idea a test experiment using antennae commutation was designed (Bibl, 
Harnischmacher and Rawer 1955); a large number of unpublished obser¬ 
vations with this method clearly showed that J?s-echoes are practically 
always vertical, i.e. inside a cone of ±10 per cent from the vertical. This 
result obtained at Freiburg certainly cannot be expected to be valid in the 
equatorial belt. It is also not true in the auroral zones but certainly valid 
for temperate latitudes. 

Thus, seen as a radio phenomenon, temperate latitude Fs-echoes are 
better defined than the echoes coming from most normal layers. 

4. Transparency Characteristics 

Transparency has always been considered as being a special characteristic 
of Fs-layers. If care is taken in distinguishing the magneto-ionic com¬ 
ponents one can show that at temperate latitudes non-transparent F*—layers 
exist rather often (Rawer 1955). Nevertheless in the majority of C2Lses foEs 
is greater than/&Fs and this means transparency. It seems to us that just 
this property of the layers should be more precisely investigated. 

4.1 Classification by Transparency 

By inspection of individual ionograms each of these has been classified 
according to five classes of transparency (Rawer 1955), ranging from com¬ 
plete blanketing {fijEs = fpE^ to complete transparency (in the frequency 
range which could be observed). Distinction of magneto-ionic components 
was done according to the rules given in the author’s first contribution. 
Figure 21, for example, shows results of IVIarch 1952 for four stations; 
the classes are (from bottom to top); Completely opaque—mainly opaque 
—difficult to decide—mainly transparent—completely transparent. The 
monthly contributions of the classes are given in percentages so that the 
upper curve shows the total occurrence of Es during that month. The 
equipment at the four stations was identical. 

In northern temperate latitudes (Fig. 21a) March is a month of rather 
infrequent Eg^ nevertheless a total of more than 50 per cent is obtained. 
Complete blanketing covers about half of all daytime cases, it is less frequent 
at night. The next important class is the completely transparent layers, the 
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Fig. 21. Classification according to transparency, month and station 
see lug. 20. (Transparency varies from total opacity to complete 
transparency from bottom (1) to top hatched field.) 
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Fig. 21. Classification according to transparency, month and station 
see Fig. 20. (Transparency varies from total opacity to complete 
transparency from bottom (1) to top hatched field.) 
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intermediate classes being rather rare. At a lower latitude (Fig. 21b, c) 
the transparent cases are more important than the other ones; no day 
preference is seen at Dakar, but at Djibouti which is near to the equator 
one has Es about 90 per cent of the time in the middle of the day, nearly 
all of them being highly transparent. A low latitude station south of the 
magnetic equator (Fig. 21 d) shows two maxima of occurrence, in the 
morning and in the evening*', the contribution of blanketing layers being 
increased as compared with the dip equator. The conclusion is that 
blanketing is more frequent at temperate latitudes, the dip equator layer 
(“?-type”) being highly transparent. 

4.2 The Blanfwttng Pozver** 

4.20. For the last several years the magneto-ionic components have been 
distinguished in the reduction of Es- Therefore a rather precise indication 
of blanketing conditions can now be obtained from, the routine observations 
by intercomparison oifoEs and fi^Es. The difference (JoEs —fbEs) can be 
called the “transparency range”; however, we prefer a relative measure 
and have chosen the ratio foEsIfoEs] by definition it is called “blanketing 
power”. It vanishes for a completely transparent layer (fbEs — 0) whilst 
it becomes “1” for a completely opaque layer (fbEs = foEs). No numerical 
value is obtained when no JS'^-trace was present, a limiting value only 
when blanketing is not observable. 

4.21. The “blanketing power” was determined day by day for 15 stations, 
most of them are in the Western hemisphere’}*. The dispersion of these 
values is large. 

A typical example of one month’s mass-plot of blanketing power for a 
medium latitude station is given in Fig. 22. The median value is very 
high in daytime and considerably lower at night. A large number of day¬ 
time values arc practically “one”; transparency is not a necessary charac¬ 
teristic of /i\s-layers. 

4.22. From such mass-plots medians and quartile values have been deter¬ 
mined. Some of these results are presented as a function of magnetic dip 
in world maps. As an e.xample we give in Fig. 23 the medians for June and 
in Fig. 24 for December 1958. From these maps three latitude ranges are 
clearly visible: 

(a) A very large range of medium latitude between about 20° and 80° 
of magnetic dip. In this range the difference between the stations 
are rather small. High day values and lower night values are charac¬ 
teristic for this region. 

This may partially be due to an effect of blanketing by nornaal E and of 
absorption; the chance to observe Fs-layers with rather small ionization is smaller 
near noon. 

'f This special work was supported by “Deutsche Forschungsgemeinschaft” 
(Ra 68/11). 




Fig. 22. Massplot of “blanketing power” (Grand Bahama 26.6 N, 
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(b) Near the magnetic equator we have lower daytime values whilst 
night values are about the same as in medium latitudes. This means 
that the typical “equatorial £'s” which is a daytime phenomenon 
is highly transparent. 



Fig. 23. “Blanketing Power”, median map (America, June 1958). 


(c) In the auroral zone the polar types of Es become important and we 
find here a second, night-time maximum. This corresponds to the 
statistics of polar Es types. 

4.23. Our statistical results prove that the distinction of magneto-iotiic com- 
poncfits for the jBs-traces is an important step forward. It enables us now 
to give precisions with respect to the world-wide behaviour of the i?s-layer 
which could not have been obtained before. 

4.3 Reflection Function 

4.30. The routine parameters foEs and/bJ?,, cannot give a complete descrip¬ 
tion of all essential properties of a transparent layer. T’herefore we have 
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proposed to measure the reflection coefficient as a function of frequency 
as a special experiment. As this is rather difficult with an absolute method, 
another way has been indicated which is independent on variations of 
transmitted power and receiver sensitivity (Rawer 1949); this is the com¬ 
parison of the amplitudes of Es-" and J^-echoes on a suitable ionogram. 
The following method was used for the experiments which have been 



made for some years at Freiburg. The receiver had a logarithmic sensitivity 
curve so that fixed amplitude ratios could easily be read by an observer 
looking at the echo pattern on the c.r. tube of the ionosonde. Five ampli¬ 
tude ratios were selected, viz. 100, 10, 1, 0-1 and 0-01, i.e. 40, 20, 0, —20 
and —40 db; the corresponding frequencies/i .../s were noted by the 
observer. In doubtful cases the highest frequency was written down which 
gave the desired amplitude ratio./s is very nearly the “critical frequency” 
according to our conventions. 

4.31. It was found that the conventional characteristicwas nearly 
equal to/i whilst the identification of/4,/5 was only possible after distinction 
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of both magneto-ionic components. The rules explained in the first contri¬ 
bution of the author have been applied in a suitable form; they are mainly 
based on the fact that the absorption is different for the two components. 
With these rules and the recorded ionogram the observed values fz, 
and ft could be identified as due to the o- or ^\’-component. A set of 
reduced values was then constructed by subtracting ^fn from those 
readings which were identified as a:-components. Besides in many cases 
the components could be clearly separated by differential absorption. 

4.32. Some statistical results of these observations are presented in Fig. 25 
where the differences {ft — /i), {f/^ —/i) and {fz —/i) have been plotted; 
the results are given for all hours, and for day hours and night hours 
separately, {ft — /i) is the total range of tra?isparency between —40 and 
-+■40 db, (/4 — /i) the range corresponding to —20 and +40 db. Routine 
readings of foEs are between ft and /4, rather often near f^. {fz — /i) is 
the range where blanketing is important; in most cases this range is much 
smaller than those involving /4 or ft. This means that the transparency 
curve is asymmetric, the range of high transparency being larger. On the 
other hand we have many cases where the layer was completely blanketing; 
(the small numbers at the bottom give the number of observations where 
the difference was zero). In this respect a typical difference appears at 
night between the summer period of maximum occurrence (Fig. 25a) and 
the other months (Fig. 25b). In the last case total blanketing is extremely 
rare at night. No big differences are visible during the day except for the 
total number of cases; it is interesting to note that without serious changes 
in its form the distribution has only half the dispersion in March that it 
had in June. In nearly half of all cases no serious transparency was 
present {ft — fi S 0-2 Mc/s). 

4.33. For certain theoretical applications it is more interesting to know 
the ratios of our frequencies than their difference. Examples of such 
statistics have been published (Rawer 1955, Rawer 1958). We can sum¬ 
marize this investigation by the following table showing that—for the 
ratios only—no serious differences exist between different months; 
{fslfsi)'^ corresponds to the ratio of electron densities of top and median 
ionization. In nearly half of all cases the top density was only 10 per cent 
higher than the median one. Cases with a ratio greater than 2 are very rare; 
they are more frequent in summer. 


Table 1—Distribution of (/5//;i)‘^i Freiburg 1952 



1 < ... 1-1 

M < ... < 2 

2 < ... r: 3 

3 < ... 

March 

51 

43 

5 

1 

o/ 

June 

45 

42 

7 

/o 

6 


It seems as if the ratio was larger in summer than in winter nights. 
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function, Freiburg 1952. (a) June, 
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4.34. The “critical frequency” fz separates two subranges. It appears that 
the medians of fzjfz (the upper variation ratio) normally are much greater 
than those of / 3//1 (the lower variation ratio). This indicates again the 
asymmetry of the transparency curve. As a general rule one can say that 
the upper variation ratio is considerably farther from “1” than the lower 
one. This means that if transparency exists at all there is only a small 
frequency range where an jEs-layer is slightly transparent but a rather 
large one where it is quite transparent and gives a faint echo. 

5. Theoretical Conclusions 
5.1 Possible Models of Layer Structure 

5.10. For thick layers the interpretation of a virtual height versus frequency 
record is reasonably unambiguous in the sense that the corresponding 
layer should be horizontally stratified with a continuous electron density 
profile depending on the height only. This is not so for Es at least not in 
those cases where true transparency is observed somewhere in the fre¬ 
quency range. We discuss briefly some of the models which have been 
proposed. 

5.11. A thhiy homogeneous layer easily explains those cases where no 
transparency occurs. We have seen that at temperate latitudes this applies 
to about of all cases. The thickness of the layer (3.2) only varies between 
one and a few km, upper and lower boundary being well defined. Partial 
wave reflexion on such a layer exists (Briggs 1951) but it covers only a 
very small frequency range (Rawer 1939), so it can be neglected in the 
interpretation of ionograms. Therefore this model cannot be applied in 
cases where the layer is substantially transparent. 

5.12. Transparency can be explained when the layer has ^*holes’\ i.e. 
patches with smaller electron density than has the rest of the layer. The 
simplest model of this sort as indicated in Fig. 26 (line (a), left side) admits 
only two values of electron density. Consequently the reflection coefficient 
admits only three values, viz. one when the frequency / is below the 
minimum plasma frequency (fbEs)y zero when it is above the maximum 
plasma frequency (foEs) and an intermediate value (given by the geometry) 
when it is in between (Fig. 26a, right side). 

The horizontal structure can be large in terms of wavelength but it 
must not be too large as compared with the Fresnel zones, otherwise the 
layer must be nearly always either blanketing or transparent. With patches 
of about 1 km diffraction should still be important and oblique radiation 
should be observed—and this would be in disagreement with the temperate 
latitude observations (3.33). With larger patches (5 km or more) trans¬ 
parency could still be explained and lateral diffraction would be small 
enough. From the cross-correlation function (1.24) we can only determine 
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the size of the Es-fields, but not the microstructure which is decisive for 
transparency. Apart from transparency ikT-echoes can also be explained 
with the present model which is quite satisfying to explain the observations 
on a fixed frequency. However, the observed reflection function is con¬ 
tinuous (4.32) and not discontinuous as Fig. 26a. So the observed varia¬ 
tions with frequency are not explained by the present model. 


(q) 




max. 

min. 


I 

I 

X 


fbEs 



foEs 


_I 


O 


f 




Fig. 26. Models for electron density distribution in the horizontal 
plane (left side) and corresponding reflection and transmission 
curves (full and broken curves on the right side). 


5.13. It is not too difficult to change the last model, so that the reflection 
function becomes continuous. Different forms of clouds with continuous 
gradations in electron density are shown in Figs. 26b-e, together with 
the corresponding reflection functions. These are thin layers with a basic 
ionization coresponding to the blanketing frequency, containing stronger 
ionized “clouds”, the nucleus of which has an ionization corresponding to 
the top frequency. The asymmetry as observed by the reflection functions 
(4.34) can best be explained with contours like Fig. 26d or e. 

This is a rather general model. It covers 5.11 (homogeneous ionization) 
and 5.12 (discontinuous “contours”) as special limiting cases. 

5.14. Another, different model has often been quoted as explaining the 
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characteristic features of jE's. This is the scattering layer^ i.e. a layer which 
can be compared in some way to a fog bank. It is discussed in K. Tao’s 
contribution. We feel that with this model one encounters serious diffi¬ 
culties to explain some of the characteristic features of temperate latitude 
Esi in particular—strong blanketing (2.24),—many cases of complete 
blanketing (4.1; 4.21 ;4.33),—sharp echoes (3.32), without “ripples’* (3.31), 
—^vertical incidence of the echoes (3.33). 

5.15. As a summary we may say that the temperate latitude observations 
of Es can be explained by rather flat ionization “clouds” in thin layers 
(5.13) degenerating in about 30 per cent of all cases into a homogeneous 
layer (5.11). The observed reflection functions indicate that in transparent 
layers the “cloud contours” correspond most often to something like 
Fig. 26e. The very last end of the observed high frequency tail of the 
reflection function (4.32) could be due to diffraction effects. 

5.2 The Energy Balance 

With this result we admit that Eg phenomena must be explained by an 
increased ionization in a very thin, flat layer. We have excluded the possi¬ 
bility that some special character of existing ionization, for example scatter 
phenomena, might be at the origin of the observed echoes. Increased 
ionization means either a rearrangement of existing ionization or a special 
ionization process. Before we discuss some possible explanations, we should 
have an idea of the numerical importance of such processes. 

5.21. The energy for establishing an ionized layer is measured by 
the number of ionization processes which are needed in the equilibrium 
state. This depends essentially on the inverse process. The effective recom¬ 
bination process in the jE-region corresponds to a coefficient of about 
2 X 10~^^ m%~i. Supposing a homogeneous layer Table 2, for some values 
of the plasma frequency, gives first the probability of occurring at certain 
top frequencies (at Freiburg), then the corresponding electron density N 
and the time during which by recombination this value falls to 10 per cent 
when the ionization source is suddenly stopped. Finally for a rather thick 
layer (3 km) the number P of ionization processes is indicated which is 
needed at the equilibrium state. The last line shows the power needed for 
these ionization processes with a rather large cloud of 100 x 100 km*-^ 
(supposing 12 eV per ionization). 

The conclusion is that little power is needed to explain the extra Eg 
ionization. Our estimate is certainly too high as the basic values used in 
Table 2 are large and the mean ionization is certainly nearer to fuEg than 
to foEs. 

5.3 Possible Origin of the Ionization 

5.30. Many hypotheses have been forwarded in order to explain the extra 



Table 2 

Energy needed for a 100 X 100 km- Es layer 
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ionization which appears in so irregular a way. We have demonstrated the 
following characteristic features of temperate latitudes Es which should 
be explained by a satisfying hypothesis: 

(a) basic ionization as described hyfbEsi 

1— rather irregular appearance (1.11) 

2— regular median behaviour (2.23) 

3— small dip-equator effect (2.23) 

4 — no outstanding dependence on solar activity 

(b) top ionization as described hyfoEsi 

1— very irregular appearance (1.11 ... 1.13) 

2— absolute values sometimes equal, sometimes large compared with 
the ambient ionization (2.22, 2.23) 

3— preference of daytime, decrease of probability during night hours 

( 2 . 11 ) 

4— summer preference (2.12) 

5— ^very important positive effect at the dip equator (2.13) 

6— no direct correlation with solar activity (2.14) 

7— long term fluctuations similar to those in climatology (2.15) 

(c) height: 

1— rather constant range 

2— systematic decrease with increasing ionization (3.1) 

(d) thickness: 

1—between one and a few km (3.2) 

(e) structure: 

1— reflecting level rather flat (3.32; 3.33) 

2— 30 per cent completely blanketing (4.1; 4.32) 

3— 70 per cent transparent up to complete transparency (4.22; 4,33) 

5.31. Solar radiation being excluded by the appearance at night it is quite 
clear from the irregularity with which Es appears in time (1.1) and space 
(1.2) as well as from its small thickness (3.2) that this layer cannot be due 
to any form of ionization by UV or X-ray wave radiation of extra-terrestrial 
origin anyhow. 

5.32. Extra-terrestrial corpuscular radiation can explain the auroral forms 
but not temperate and low latitude Es which is discontinuous with the 
auroral layers. Against this hypothesis are b3, b4 and, in particular, b5. 
There can not be any doubt that at least some terrestrial “disposition” 
plays an important r61e. 

5.33. JMeteors give quite another type of ionization structure which has 
been observed with high power sounders (Naismith 1956). The correlation 
with Es is bad (Pineo 1950), also the diurnal variations are quite different. 
Es and forward-scatter seem to be clearly distinct phenomena, relations 
found between this type of propagation and meteoric ionization columns 
cannot be generalized for our problem. 
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5.34. If we turn now to possible terrestrial sources the thunderstorm theory 
has a historical priority at least at low latitudes. Whilst b4 would well 
agree it is quite clear that b5 cannot be understood on this basis. A recent, 
very serious investigation in India (Kotadia 1958) has shown that no 
correlation with Es exists. 

5.35. Shock waves forming out of sound waves coming from the lower 
atmosphere seem to play an important role in the solar atmosphere. In 
the terrestrial atmosphere absorption seems to be too high, so that the 
waves disappear before they reach the critical level. It seems improbable 
that ionization could be formed in this way. 

5.36. Ionization by collisions with excited molecules or atoms has been pro¬ 
posed in different forms: Molecular recombination of two metastable 
oxygen atoms (Rawer 1940, Jouaust 1952, Gauzit 1943) according to 

OX^S) + O'(iS) -> O 2 + + e- -f 1-2 eV 

or in a triple collision with one excited O-atom only and an excited N 2 
molecule (Rawer 1940, Jouaust 1952): 

O'(iS) + 0(3P) -h N 2 ' (B) O 2 + -he- -h N 2 

The total number of metastable atoms is high but the probability of these 
collisions is only high enough if some concentration process is active 
(Rawer 1955). ^Fhis introduces a meteorological aspect into our problem, 
which could fit with bl, b2, b4, b6, b7. If on the other side equatorial Es 
is continuous with the temperate latitude form it seems difficult to account 
for b5. 

5.37. Charge transfer processes make it possible to profit from the negative 
ion stock which is probably rather important at night but less in daytime. 
Possible reactions are 

(Martyn and Pulley 1936) 0(^P) •+ 0--> O 2 + e- 

(Bates and Massey 1951) O -h 02“ —> O3 -h 

(Rawer 1955) O'(^S) + Q- -> O -h 0(3P) -h e" -f 2-0 eV 

'I’he probability situation is similar to that in 5.36, also the meteorological 
aspect comes in. It seems difficult to account for b5 as magnetic control 
cannot work for ions at a level where the collision number largely exceeds 
the ion gyrofrequency. 

5.38. Rearrangement of existing ionization is thought by Martyn (1950) to 
be most efficient. As, generally speaking, the electron density gradient 
points upwards an ionized air mass moving downwards should simul¬ 
taneously be compressed and so the plasma density be increased; this 
could explain the formation of ionized clouds. This is a meteorological 
process which fits well with bl, b2, b4, b6, b7. Also magnetic control is 
possible for electrons so that b5 can also be understood. A sort of “trapping’* 
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of the plasma clouds seems to be needed with this theory, some meteoro¬ 
logical discontinuity could do that. It is well known that one form of Es 
develops from above, the so called ‘‘sequential Es* (McNichol and De V. 
Gipps 1951). Now as recently shown by Bibl (1959) the more frequent 
“continuous height” form also seems to get higher concentration by 
moving downwards. These observations seem to be in favour of the present 
theory. It is especially important in this respect that Bibl also shows that 
the plasma density decreases when the height is increasing again. 

As to possible “traps” there are recent rocket observations indicating 
that Es occurs at heights where important winds shears occur most often. 
As known from other atmospheric phenomena these could well act as traps. 
5.39. Quite recently Bibl (1960) gave new evidence that Es formation 
depends in some way on an instability existing at the bottom of the 
J^-region. Studying one year’s continuous observations of characteristics 
he established three hourly ionospheric character figures indicating 
—the fluctuations of ikfC/F(3000)F2: Fig. U, 

—^the fluctuation of h'F: Fig. H 

—the number of occurrence and intensity of Es “pulses”: Fig. E. 
These figures were intercompared by the method of partial correlation, 
the magnetic character being simultaneously considered (local character: A, 
planetary character: P). As a first intercomparison Bibl looked for the 
days of maximum disturbance out of 10, 15, or 20 days. The mean partial 
correlations he found are given in Table 3. 

Table 3—Partial correlation values 


Characters 

intercompared /invariable 

maximum 

fluctuation 

U E 

/ 

H K 

-0-03 

H E 

/ 

U K 

0*62 

K E 

/ 

U H 

-0-51 

H K 


U E 

0-64 


The large value of [H E] shows that days with important fluctuations of 
h'F are also days with important Es whilst the MUF fluctuations do not 
interfere with Es as shown by [U E] 0. 

Another interesting feature is the negative correlation [K E] showing 
that Es is less frequent for these rather (rare) days of magnetic disturbance 
where the F’-region was not influenced. As most of these days are found to 
have large h'F fluctuations (see [H K]) by the positive [H E] correlation 
both effects cancel so that the total correlation {H E} is practically zero. 
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5.4 Conclusions 

Quite different from the normal thick layers due to cosmical radiation 
influences Es seems to be a “meteorological” phenomenon, the only one 
well known in the ionosphere except for winds. Therefore the behaviour 
of this layer is completely different from the normal layers. As to the 
energy it is probable that existing molecular excitation or ionization 
(5.36 ... 5.38) is concentrated in a small height range by vertical exchange, 
trapped by some discontinuity, which is eventually formed by strong wind 
shears. Rearrangement of ionization seems to be a rather probable process. 

Acknowledgment —Mrs. B. Brake has prepared the major part of the 
statistical data used in the present paper. 
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Interrelations of Sporadic E and Ionospheric 

Currents 

S. Matsushita 

High Altitude Observatory, Boulder, Colorado, U.S.A. 

Abstract—Several different electric current systems in the ionosphere at about 
100 km altitude have been postulated from studies of quiet and disturbed variations 
of the geomagnetic field. Almost all of these ionospheric current systems are 
related to different types of sporadic E (Ss)> although the mechanism involved in 
the relationship is not the same in each case. 

It is suggested that equatorial Eh is a kind of irregularity in the equatorial electro¬ 
jet due to vertical drifts. Es occurring in temperate latitudes is postulated to be 
mainly a thin patchy layer which is due to vertical drift motions of charged particles 
caused by wind shears; however, occasionally a thick cloud is formed by descending 
ionization from the upper ionosphere. In both cases Es is affected by the solar 
daily quiet ionospheric current. In high latitudes predominant types of Es, such 
as slant, retardation and auroral types, together with the disturbed ionospheric 
currents, are due to charged particles penetrating into the lower ionosphere from 
outside the earth’s atmosphere, as can be clearly seen during geomagnetic bays. 
This interrelation also occurs occasionally at the time of geomagnetic sudden 
commencements. Retardation, type of Eg and so-called night-JS' are thick patchy 
layers, and auroral Es is formed by field-aligned clouds, all of which are caused 
mainly by electron impact. These interrelations of Es and ionospheric currents are 
discussed in the present article and an estimation of structures and causes respon¬ 
sible for the different types of Es is presented. 


1. Introduction 

A major portion of th.e geomagnetic variation observed at the earth’s 
surface is believed to result from several different electric currents in the 
ionosphere (named “ionospheric currents” in the present article), although 
some of the remaining variations are caused by changes of the magnetic 
field which originate outside of the earth’s atmosphere and also are 
influenced by electric currents induced in the earth’s interior. These dif¬ 
ferent ionospheric currents are all supposed to flow at approximately the 
same altitude, about 100 km, at which height the effective electric con¬ 
ductivity is a maximum. Observations by rocket magnetometers verify the 
existence of the ionospheric currents at this height (Maple, Bowen and 
Singer 1950, Cahill 1959). 

As mentioned in another article in this book, a dynamo effect due to a 
lunar tidal motion of the lower ionospheric atmosphere causes the lunar 
daily ionospheric current system. Other ionospheric currents are mainly 
caused by the sun. The solar daily quiet current system, Sq, is responsible 
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EQUINOXES NORTHERN SOLSTICE 



Fi^?. 1. Solar daily quiet electric current system and solar equatorial 
electrojet at about 100 km altitude in equinoxes (left) and northern 
solstice (right). About 10,000 amperes flow between each pair of adja¬ 
cent current lines. The ordinate is shown by the vertical component 
of the earth’s main magnetic field, Bz, which is the best parameter 
in order to avoid longitudinal inequalities of the current system. 
Seasonal changes of the location of the central positions (focus) of the 
daytime oval currents are quite different from Chapman and 
Cartels’ current system. During the daytime the solar equatorial 
electrojet flows in the magnetic equatorial zone which is a region 
between approximately -( 0'03 and —0’03 gauss of Bz, and its in¬ 
tensity in equinoxes is about 1'5 times larger than that in solstices. 

The total current intensity in the entire equatorial zone is TO x 10''» 
to T5 X 10"’ amp. 

for solar daily geomagnetic variations on quiet days, and is believed to be 
due to a dynamo effect in the lower ionosphere under the quiet solar 
radiation. Chapman and Bartels (1940) have shown the well-known dia¬ 
grams of this current system. However, Matsushita (1960), using the IGY 
data, suggested that the current system should be revised. His current 
system, Fig. 1, shows that a strong eastward current named “equatorial 
electrojet” flows during daylight hours in a narrow zone centered on the 
magnetic equator. Here the magnetic dip angle is 0°, and the vertical 
component of the earth’s main magnetic field is zero gauss. When solar 
flares occur, both the Sq current system and the equatorial electrojet are 
often intensified in the sunlit hemisphere due to the increased radiations 
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from the flares. This additional current can be called “flare current 
system” (Veldkamp and Van Sabben 1960, Van Sabben 1961, Rikitake and 
Yukutake 1962). 

Ionospheric currents responsible for geomagnetic disturbances and 
storms have also been estimated, particularly in high latitudes. Matsushita 
(1960 a) has suggested three different ionospheric current systems for 
sudden commencements: eastward currents for the main impulse of sudden 
commencements, westward currents for the preceding negative impulse, and 
east and westward currents (depending on location) for the variation suc¬ 
ceeding the main impulse. A current system for the disturbance daily varia¬ 
tion during geomagnetic storms, such as Ds or Sd^ has been studied by many 
workers (for example, Chapman and Bartels 1940, Vestine 1947, Fukushima 
1949 and Matsushita 1953a). In auroral latitudes, however, this Ds iono¬ 
spheric current simply represents an average current system obtained from 
a superposition of many bay-shaped variations which frequently occur in 
patchy distribution during geomagnetic storms. It is much more important 
to study the current due to individual bay-shaped variations, which was 
named “polar elementary storm” by Birkeland (1908), than the average 
current system in order to clarify the physical behavior involved in storms. 
Akasofu and Chapman (1961) have recently discussed this problem with 
regard to auroral phenomena. 

Geomagnetic bays in auroral latitudes are similar to bay-shaped varia¬ 
tions (polar elementary storms) but occur even on geomagnetically quiet 
days. The former have a more systematic and simple behavior than the 
latter, although both occur in patchy form. Since results obtained from the 
former can often apply to the latter, studies of bays are very useful for the 
investigation of complicated storm behavior. However, we should always 
be careful of certain differences involved with Dg (or Sd), bay, and bay¬ 
shaped variation of polar elementary storm. Hatakeyama (1938) and 
Silsbee and Vestine (1942) obtained an average current system responsible 
for the bays. 

Almost all of these ionospheric currents seem to correlate with different 
types of sporadic E (Eg), although the mechanism involved in the corre¬ 
lation is not the same. This difference can be clearly seen in three separate 
zones: equatorial, temperate and auroral zones. Details of each zone are 
discussed in the following three sections. 

2. Equatorial Eg and the Solar Equatorial Electrojet 

It has been well-known for many years that the daily amplitude of the 
geomagnetic horizontal variation field, H, at Huancayo is unusually large 
(Chapman and Bartels 1940). A similar enhancement has been observed 
at other equatorial stations as well. As is shown in the extreme left diagram 
of Fig. 2, the enhancement occurs in a narrow zone centered on the 
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magnetic equator (i.e. the earth’s magnetic dip angle equals 0° and the vertical 
component of the earth’s main magnetic field, Bz^ is zero gauss). It can 
be easily understood that this enhancement results from a strong eastward 
electric current during daylight hours (see Fig. 1), which has been called 
the equatorial electrojet (Chapman 1951). The equatorial electrojet during 
the IGY has been studied in Peru by Forbush and Casaverde (1961), in 
Nigeria by Onwumechili (1959), and in Ghana by Osborne (1962). The 
actual cause of the electrojet is a high value of Cowling conductivity in the 
magnetic equatorial zone at about 100 km height combined with an electro¬ 
static field caused by solar dynamo effects (for example, see Matsushita 
1953a). In the same way the lunar dynamo effects can cause the lunar 
equatorial electrojet, as suggested by Matsushita (1953b, 1957, 1962a). 

The daily amplitude of JT is a good indication of the intensity of the 
equatorial electrojet, as will be discussed later. Average daily amplitudes 
of H at Huancayo on the ten quiet days in each month are plotted in Fig. 3 
during the period from January 1922 through December 1959; these 
illustrate the variations of the intensity of the jet with solar activity and with 
season. Here the daily amplitude is taken as the difference between the aver¬ 
age value of H during the period 09 00—14 00 hr and that during 21 00- 
02 00 hr, 75° W.M.T. As a parameter of the solar activity, monthly values 
of the Zurich sun-spot number are also plotted in Fig. 3. It is obvious in 
Fig. 3 that the daily amplitude, hence the intensity of the electrojet, varies 
with the 11 year solar cycle. Another remarkable result indicated in Fig. 3 
is a seasonal variation of the jet-intensity; the maxima clearly occur in equi¬ 
noctial months. This seasonal variation was also seen at other stations, 
such as Jarvis Is., Koror and Addis Ababa, in the magnetic equatorial 
zone during the International Geophysical Year. 

As geomagnetic disturbances occur more frequently in equinoxes than 
in summer and winter, the ten quiet days in each month during equinoctial 
seasons have slightly higher values of geomagnetic index than those in 
solsticial seasons. However, this cannot be the cause of the maxima of the 
jet-intensity in equinoxes, because the daily amplitude in equinoxes is 
larger on more quiet days. The cause of the seasonal variation may be due 
to the fact that both the electric conductivity in the equatorial zone and 
the electrostatic field which is effective in the magnetic equatorial zone 
increase during the equinoxes. 

As can be seen in Fig. 2, the equatorial Eg {Es-q) appears in the same 
narrow zone as that in which the equatorial electrojet flows (Matsushita 
1951; see also Knecht and McDuffie’s article in this book). Also, an 
obvious correlation between the foEs-q and the daily amplitude of //, 
accordingly the jet-intensity, observed at the same station, can be obtained. 
Figure 4 shows examples of the correlation between the monthly averaged 
values of the two, and Fig. 5 shows the daily averaged values. However, 
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this correlation is not always good, since t\itfoEs-q values are influenced by 
sensitivities of different ionosondes and absorption in the lower ionosphere 
and also to some extent by scaling techniques in ionograms. Moreover, the 
foEs-q value does not indicate the maximum electron density per cm^ 
which is usually given by 

•A^max ~ 1‘24 X {fo in. IVIc/s), 

but may depend upon the size and distribution of the nonhomogeneity in 

AVERAGE DAILY AMPLITUDE OF THE HORIZONTAL VARIATION FIELD 
AT HUANCAYO ON THE TEN QUIET DAYS IN EACH MONTH AND 
MONTHLY VALUE OF THE ZURICH SUNSPOT NUMBER 
iTO lOT iTOiw I'm I'yn i^ni 



Fig. 3, Average daily amplitudes of li at Huancayo on the ten quiet 
days in each month and monthly values of the Ziirich sunspot number 
during three and one-half solar cycles. The former shows an obvious 
seasonal change, which is the maxima in equinoctial months, with 

the 11 year solar cycle. 
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HUANCAYO 



II 12 13 14 Mc./s. 


DAYTIME foEs 

# Equinoxes 1953-56 (Correlation coefficient is 0.93) 
o Southern Solstices 1953-56(Correlation coeff. is 0.66) 


Fig. 4. Correlations between, the monthly median value of foEs-q 
averaged for the daytime (09 00—15 00 hr) and the daily amplitude 
of H averaged on the ten quiet days in each month at Huancayo in 
equinoctial and southern solstitial months of 1953-1956. 


the JSs-q. Thus the foEs-q must be considered as merely a parameter of 
approximate activity of the Es-q. A different type of observation of the 
Es~qi such as that taken by Bowles and Cohen (1960 j also see their article 
in the present book), is more reliable for obtaining the correlation. In fact, 
Bowles and Cohen’s observations in Peru during the IGY indicate a 
remarkable correlation between the field intensity due to the Es-q and 
the H variation. In general we may safely conclude that the Es-q has a 
close correlation with the H, hence the equatorial electrojet. 

A further evidence of the correlation between the two can be obtained 
from lunar effects in the Es-q\ the eastward lunar equatorial electrojet 
reinforces the Es-q, but the westward lunar electrojet tends to cause a 
disappearance of the Es-q (Matsushita 1957a, Knecht 1959, Egan 1960), 
This lunar effect indicates that the solar equatorial electrojet, which is an 
eastward current and is much larger than the eastward lunar electrojet, is 
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Fig. 5. Daytime foEs~q value (average, 09 00—15 00 hr) plotted 
against daily amplitude of H, observed at Huancayo on each day in 
January 1958, excluding geomagnetically disturbed days and the 
three consecutive days near new and full moons. The correlation 
coefficient between the two is 0-95. 

a major cause of the Es-q. Results described earlier all support this con¬ 
clusion. Details are omitted here since they are discussed in my other 
article on lunar tidal variation of Es in this book. An essential conclusion of 
the discussion is that the Es-q seems to consist of irregularities in the 
density of charged particles involved in the equatorial electrojet. The 
irregularity is due to a vertical upward drift motion of charged particles, 
whose drift speed W is proportional to the eastward jet-intensity /y, as 
shown by 

w = {(?r + erPraila^)IY.^ (2.1) 

Here pr — (l/7Wr^'r){^r^ COS^ <f>/{vr^ -f" sin^ < 56 ]-, 

qr = (l/J5){6t>r^/(vj*2 -f- COS cf>. 

nir, Bry vry and cor are the mass, charge (in e.m.u.), collision frequency with 
neutral particles, and gyrofrequency of particles of the kind of gas 
(i.e. ions and electrons), respectively; <j> is the magnetic dip angle; ai, az 
and S 3 are the Pedersen, Hall, and height-integrated Cowling conducti¬ 
vities ; B is the intensity of the earth’s main magnetic field. The formation 
of the irregularity due to this vertical drift may be by the mechanism 
Martyn (1953) discussed. 
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Let the northward component of the geomagnetic variation due to the 
external field caused by the solar equatorial electrojet be AJT. Then ly 
can be approximated by AX/27 t. is approximately equal to about f of 

the daily amplitude of H. When is taken to be 100 y (=10“3 gauss), 

ly becomes 1*6 X 10-^ e.m.u. or 1-6 X IQ-® amp. If the width of the 
equatorial electrojet zone is about 700 km as given by Knecht and McDufiie 
in their article in this book, the total intensity of the jet in the entire 
magnetic equatorial zone becomes 111 X 10® amp. Here 1*0 X 10® to 
1*5 X 10® amp may be a reasonable value of the total current intensity. 
Putting the above value of ly into equation (2.1) leads to an evaluation 
of PT, although the value of W also depends on an estimation of and 
cDr in equation (2.2). A few meters per second seems to be a proper value 
of vertical drifts of the positive ions. In addition, the eastward component 
of the electric field, Ey^ is approximately equal to ly/E,^. Taking S3 = 10“’^ 
e.m.u. leads to Ey 1-6 X 10® e.m.u. (see Fig- 8). It should be noticed 
that this Ey on the magnetic equator is the electrostatic field. 

ly is the eastward current intensity per cm® per column, k cm, which 
is the thickness of the jet flowing layer. If lyjh is due to the westward 
horizontal motion of electrons having a number density per cm® of Ny 
neglecting the eastward motion of positive ions, the westward speed of 
electrons is 500 m/s assuming iV is 10® and A is 2 X 10® cm. This velocity 
compares favorably with the radio-determined westward movement of the 
Es~q with a speed of about 750 m/s, which has been observed by Bowles 
and Cohen (see their article in this book). If this value of the electron 
speed and the same values of ly and N as above are taken, h becomes 
about 13 km, which is a reasonable thickness of the layer. Thus, what 
Bowles and Cohen have observed may be westward motions of electron 
clouds responsible for the electrojet, although they interpret it as a wave 
motion. Zmuda (1960) reached a conclusion similar to the present one. 
An overall model of the Es-q may now be estimated as follows: 

(1) ly is produced by the eastward electrostatic field and the height- 
integrated Cowling conductivity. 

(2) W due to ly causes irregularities in the density of charged particles 
in the electrojet. 

(3) These density irregularities of electrons move westward with other 
electrons at approximately the same speed, a few hundred meters 
per second. 

(4) This westward motion of electron irregularities and other electrons 
is the major part of the electrojet itself. 

(5) The Es-q on ionograms is due to radio echoes scattered by the 
irregularities in the jet. 

(6) Thus the Es-q has a close correlation with ly. 
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Since the solar equatorial electrojet shows a remarkable variation with 
season and solar activity, as is seen in Fig. 3, it can be expected from the 
above conclusion that the Es-q should also show similar variations with 
season and solar activity. This will be found only when a more quantita¬ 
tively meaningful Es-q parameter is available. Simple statistics of the 
occurrence frequency of foEs-q can be misleading: this may be the reason 
why Chadwick (see his article in this book) did not obtain a correlation 
of the Es-q with the solar activity. Also, longitudinal inequality of the 
width and intensity of the Es-q belt should be studied in the future, because 
the intensity of the equatorial eleCtrojet is not the same at different longi¬ 
tudes: during the I GY the jet intensity in South America (Huancayo) 
was slightly larger than that in the Pacific area (Koror and Jarvis Is.) and 
Africa (Addis Ababa and Ibadan). 

In addition, the possibility of double layers of the electrojet should be 
mentioned because of Cahiirs rocket observations (1959) of current peaks 
at altitudes of about 100 and 120 km. Figure 6 a indicates estimated height 
distributions of temperature, pressure, density and number density (per 
cm^) of the atmosphere based on rocket observations. Using these values, 
height distributions of Pedersen, Hall and Cowling conductivities, o-i, 0 - 2 , 
and CT 3 , divided by electron number density, are obtained as shown in 
Fig. 6 b. Huancayo vertical-incidence ionogram data obtained at noon on a 
quiet day (April 13,1958) in an equinoctial period, are used for an estimation 
of the electron density distribution with height and are indicated by large 
dots in the left diagram of Fig. 6 c: the density distribution lower than 
110 km is based on an assumption and indicated by small dots in the 
diagram. Then a height distribution of <73 can be obtained as is shown in 
the right diagram of Fig. 6 c: two peaks at 100 and 120 km can be seen. 


TEMPERATURE PRESSURE DENSITY NUMBER DENSITY 



(a) 
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ELECTRON DENSITY ELECTRICAL CONDUCTIVITY 

He 0-3 



(c) 

Fig. 6. (a) Estimated height distributions of temperature in "K, 
pressure in mm/Hg, density in gr/cm®, and number density per cm‘* 
of the atmosphere based on rocket observations, (b) Height distribu¬ 
tions of Pedersen, Hall, and Cowling conductivities, aj, aa, and cr;j, 
divided by electron number density, (c) Left diagram indicates elec¬ 
tron density distribution with height at noon on a typical quiet day 
in equinoctial season, April 13, 1958 (large dots). Small dots and a 
dotted curve show estimated density distributions. Right diagram 
represents a height distribution of Cowling conductivity, <t:j. Two 
peaks at 100 and 120 km can be seen. 
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If the electron density has a peak at about 100 km based on the already 
mentioned estimation of the Es-q^ crz shows a large peak at this height. 
This is indicated by dotted curves in Fig. 6 c and seems to be more 
plausible. In fact, total 0-3 integrated in this peaked layer, S 3 , becomes 
about lO-*^ e.m.u. The main electrojet may be flowing in this layer. In the 
layer of a small peak of 03 , at about 120 km height, it is possible for a 
weak jet current or a return current of the main jet to flow. The slant Es 
in the equatorial zone (Smith 1957) might be due to a radio reflection 
mechanism among irregularities in these two layers (Cohen, Bowles and 
Calvert 1962). However, more observations of the jet layer by rocket are 
essential to support this argument of double jet layers. 

3. Ea IN THE Temperate Latitudes and the 
Sq Current System 

Heisler and Whitehead (1960a) recently suggested that the occurrence 
frequency of foEs exceeding 5 Mc/s depends on the horizontal component 
of the earth’s main magnetic field for stations situated in temperate lati¬ 
tudes; the occurrence frequency increases as the horizontal component 
increases. Based on this statistical result, Whitehead (1960, 1961) has given 
a theory of the formation of Eg in temperate latitudes. However, as can 
be seen in Fig. 7, the distribution of the occurrence frequency exceeding 
5 Mc/s with respect to the horizontal component is not particularly better 
than that with the geomagnetic latitude. Moreover the distribution with 
respect to (0*65 — |Bz|)J5if, where Bz and Bh are the vertical and horizontal 
components of the earth’s main magnetic field, seems to be better than 
others in Fig. 7; this may indicate that the Eg in temperate latitudes 
depends not only on Bh but also on Bz. However, the difference involved 
among the four diagrams in Fig. 7 is not very striking. This kind of statis¬ 
tical study is not really very strong evidence for the theory of the Eg 
formation that Whitehead puts forward. 

Much more important evidence of Eg formation in temperate latitudes 
can be obtained from the lunar tidal variations of Eg in this zone. As is 
mentioned in my other article in this book. Eg shows obvious lunar varia¬ 
tions in spite of a very small lunar effect in the jB-layer. The main cause 
of the lunar variation in the ionosphere seems to be the vertical drift 
motions of charged particles resulting from a coupling of Bh and the 
horizontal electric fields caused by the lunar dynamo effect. Then the 
mechanism of formation of the Egy whatever it is, should be very easily 
affected by the above mentioned vertical drift motions of charged particles. 
One possibility which satisfies this condition is that the Eg itself is formed 
by vertical drift motions of charged particles caused by other phenomena: 
probably wind shears, as suggested by Storey (private communication), 

I.S.F.—A2 
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Dungey (1959), Whitehead (1960, 1961) and others. Artificially generated 
sodium clouds by rockets in the upper atmosphere indicate a strong 
vertical wind shear (vertical gradient in horizontal winds), typical speed 
gradients with height being 50 to 110 m/s per km at the level 104 to 109 km 
(Manring, Bedinger, Pettit and Moore 1959). Also, internal atmospheric 
gravity waves suggested by Hines (1960) may be a cause of the wind shear. 
Thus we may assume that strong vertical wind shears occur frequently at 
the level of the Es. 

Occurrence of /Es > 5 Mc/s, 0600-1800 
local time during equinoxes, 1948 -1954, 
on different abscissae 



Fig. 7. Occurrence frequencies of foEs exceeding 5 Mc/s in the day¬ 
time during equinoxes, 1948—1954 obtained by Smith (1957) are 
plotted with respect to four different abscissae: geographic and 
geomagnetic latitudes, JB//, and (0*65 — | J5al) where Bh and Bg 
are the horizontal and vertical components of the earth’s main mag¬ 
netic field. 0*65 — \Bz\ is adopted in order to have a larger value in a 
lower latitude, where 0*65 is an approximate value of IjBz| at the 
magnetic north pole. H and Z in the figure should be read as Brr 

and Bg. 
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The wind shears produce electric fields due to the dynamo effect with 
the vertical component of the earth’s main magnetic held, Bg. These hori¬ 
zontal electric fields and the horizontal component of the earth’s main 
magnetic field, J5//, cause vertical drift motions of charged particles. Thus, 
the vertical drift motions are affected by both Bg and Bh^ and if the Es 
is due to these vertical drift motions, it is certainly influenced by both Bg 
and jB/j. 

Let the southward and eastward components of the electric fields be 
Ex and Ey, respectively. We assume that there is no vertical electric current. 
Then the vertical upward drift speed of electrons and ions, TT, in moderate 
latitudes (Hirono 1953) can be represented by 

W = —cot (l>(el?ni) -f coi^)] Ex + (qt + qepilpe)Ey. (3.1) 

All notations are the same as those in equations (2.1) and (2.2), At altitudes 
lower than about 120 km, the second term of the right side of equation (3.1) 
is much smaller than the first term. Thus we have 

W ~ —cot <f> {ejmi) {yil(yi^ -f- (2*2) 

Ex is the sum of Vy X Bg and AT, where Vy is the eastward horizontal wind 
speed, and X the southward component of the electrostatic field. If we 
ignore AT, equation (3.2) becomes the same equation as Whitehead (1961) 
obtained. However, AT cannot generally be neglected. Moreover, by 
including A', we can apply the same equation (3.2) to tidal effects of Eg. 

If the horizontal wind is a shear. Ex (hence W) has a sharp gradient 
with height. Then W can be represented by 

^ Wo{l — Tz), V 1 
or 

W== — Wo sin 27r^y/r'. 

The former equation has been treated by Matsushita (1962a) and the latter 
by Whitehead (1961; also his article in this book). In both cases, at a level 
where the upward decreasing W becomes zero an ionized layer, in which 
the electron density is three to ten times that in the normal E and the 
thickness is 300 to 1000 m, is obtained from these equations. This agrees 
with rocket observations of Eg (see Seddon’s article in this book). Thus 
the main part of the Eg in temperate latitudes may be due to the drift 
motions caused by wind shears. Also it is possible by this mechanism of Eg 
formation to see that the lunar current would cause obvious lunar tidal 
variations in the Eg, as is mentioned in my other article in this book. 

If the above estimation is correct, the Sq current system, such as shown 
in Fig. 1, should also cause a large effect of the Eg variation. The vertical 
upward drift speed caused by the Sq current system can also be deduced 
from equation (3.2), in which Ex may play an important r51e in the daily 
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variation of the drift speed. Fig. 8 is a distribution of the total electric field 
for the Sg current system in equinoctial months which was obtained by 
Maeda (1955). In the northern hemisphere the southward component begins 
to increase at about 17 00 hr in lower temperate latitudes and becomes 
negative at about 15 00 hr in higher latitudes, as can be seen in Fig. 8. Thus 
we can expect in the afternoon an increase of JSs in lower temperate lati¬ 
tudes and a decrease of the Es ionization in higher temperate latitudes. 
This should hold in any season. A weak but positive evidence of the effect 
is indicated in Fig. 9; the lines in this figure show differences between 



00 04 08 12 16 20 24 
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Fig. 8. Distribution of the total electric field for the Sq current system 
in equinoctial months (Maeda 1955). 

monthly median hourly values of foEs and those of foE, which have been 
obtained to show deviations of the daily variation of foEs from that offoE. 
Since distributions of the occurrence of wind shears are not yet well- 
known, further studies of the effects of the *5^ current on the Es are not 
easy to make at the present stage. 

Bibl (1960) obtained a correlation between an increase of Es ionization 
and a rise of the F height. The vertical upward drift speed of charged 
particles in the F-region, Wpy can be represented by 

Wf = iEy^lB)co* <f>.y 


(3.3) 
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: B is the earth’s main magnetic field, ^ is the magnetic dip angle 
'y^ is the eastward component of the electrostatic field which is formed 
)ut 100 km altitude (see Matsushita 1962a). Thus Ey^ causes a rise 
: F height, and Ex causes an increase of Es ionization as was already 
5sed (see equation (3.2)). Then the correlation obtained by Bibl can 
plained if large Ey^ and Ex are both formed at about 100 km altitude, 
is quite probable: for example, a large south-eastward electrostatic 
lue to winds or disturbed currents satisfies this condition. Bowman 
) and Heisler and Whitehead (1960) reported an association between 
ion travelling disturbances and Es ionization. Thomas and Whitehead 
Y mention the association in their articles in this book. There is no 


Summer IGY Winter IGY 



Fig. 9, Average of differences between monthly median hourly values 
of foEn and those of foEj/xn. lower (Maui and Panama Canal) and 
higher (San Francisco) temperate latitudes in summer (left) and 
winter months (right) during the IGY. Dotted lines show sym¬ 
metrical variations before and after 11 00 hr for San Francisco and 
before and after 13 00 hr for Maui and Panama Canal, at which times 
the eastward component of the total electric field becomes nearly zero. 


t that this association indicates descending (and sometimes ascending) 
ation along the geomagnetic lines of force during ionospheric dis- 
inces. The Es structure formed by this mechanism seems to be a 
ionized cloud. This phenomenon is similar to the long lasting sequen- 
Es which occurs frequently in temperate latitudes on quiet days, 
ugh its starting level and travelling times are different (Matsushita 
). All these seem to be either simple travellings of excess charges along 
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geomagnetic lines of force or drift motions along field lines. In the latter 
case the downward drift speed along field lines in the i^-region is given 
by — (Ey^IB) cos cos(90°— <f>) from equation (3.3), and the upward 
drift speed along field lines in the jE-region is by — (ejm^ 

Ex cot <i> cos(90° — from equation (3.2). If Ey^ has a negative value, 
then a large westward electrostatic field is affected in the jF-region, a 
downward drift along field lines from the F-region may occur. If the 
equator-ward electric field has an unusually large value in the F-region 
during storms an ascending ionization along field lines from the F-region 
might occur. I^ong lasting sequential Es on quiet days begins to descend 
from 150—200 km altitude. A downward drift speed along field lines from 
this height is influenced by poleward and westward electrostatic field (see 
equation (3.1)). Due to the Sq dynamo effect, large poleward electrostatic 
fields are formed in the morning at lower temperate latitudes and large 
westward electrostatic fields are formed in the afternoon at higher tem¬ 
perate latitudes (see Fig. 4b, Maeda 1955). Thus a descending ionization 
along field lines may occur in the morning at lower temperate and in the 
afternoon at higher temperate latitudes. This agrees with the latitudirBal 
distribution of beginning times of the occurrence of long-lasting sequential 
Es, which has been obtained by Matsushita (1955). Even if the motion of 
sequential Es is vertical instead of along field lines, the basic argument 
remains the same. However, another type of sequential Es, which appears 
in the early morning and in the evening and lasts less than three hours, 
may be caused by a height variation of wind shear region due to sunrise 
and sunset. During storms a rapidly travelling sequential Es occasionally 
appears; this can be due to hydromagnetic waves propagated along field 
lines, as Akasofu (1956) suggested. 

Solar flares occasionally seem to cause a slight increase in foEs. There 
are two possible explanation for this; one is that an increase of the intensity 
of the solar radiation reponsible for the ionization of the F-level occurs, 
such as the solar X-rays, and the other is that a drift effect is created due 
to the flare current system, such as was obtained by Veldkamp and Van 
Sabben (1960). 

Thus an overall model of the F® in temperate latitudes is as follows: 

(1) A vertical gradient in horizontal winds (vertical wind shears) causes 
a sharp height gradient of vertical upward drift speeds of charged 
particles. 

(2) The above drift causes the formation of a thin patchy layer which is 
the predominant Es in temperate latitudes. 

(3) Apparent horizontal (sometimes vertical) motions of the Eg, such 
as reported by Matsushita (1949) and by Dueho and Egan and 
Peterson in this book, may be mainly due to horizontal (sometimes 
vertical) change of wind shear region. As long as proper wind shears 
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exist, the Es does not disappear; but once the shear ceases, the Es 
soon decays. 

(4) A thick Es cloud is occasionally formed by descending ionization 
from the upper ionosphere. 

(5) One cause of the descending ionization is the electrostatic field of 
the Sq current, as can be estimated for long-lasting sequential Es. 

(6) Meteor bombardments and thunderstorm effects are ignored here, 
since they are apparently small. 

4. Es IN High Latitudes and Electric Currents during 
Bay Disturbances and Geomagnetic Storms 

As shown in Fig. 10,/oEs monthly median values at night increase at 
latitudes higher than about geomagnetic 60°N, and reach a maximum at 
about 69®N, although foEs in the daytime does not show such a distribution 
(Matsushita 1953, 1959). In fact, night-^ and special types of Es which 
are named “auroral’^ “slant” and “retardation” Es often appear at night 
in auroral latitudes (Penndorf and Coroniti 1958; also Leighton, Shapley 
and Smith for Es and King for night-J? in this book). Correlations among 
auroras, geomagnetic disturbances and these types of Es were studied by 
several workers (for example, Heppner, Byrne and Belon 1952, Heppner 
1954, Knecht 1956; also see Thomas and Smith 1959). Using vertical 
incidence ionograms and magnetograms, both of which were obtained at 
College, Alaska, (64-9°N, 147*8°W; gm. lat. 64'5°N), during the period of 
one year starting from March 1955, Matsushita (1958, 1959) found a close 
correlation between Es and geomagnetic bay disturbances. 

I'he bay disturbance is one of the most remarkable geomagnetic pheno¬ 
mena in auroral latitudes, because it occurs there more frequently and 
with greater intensity than elsewhere. Large but patchy bays in auroral 
latitudes often occur at night, most frequently between 0100 to 03 00 hr local 
time, even on small geomagnetic ^j^-index days, particularly in equinoctial 
months. Average occurrence frequency of bays at College during equi¬ 
noctial months is about 30 per cent (approximately 10 nights in a month) for 
negative bays, and about 15 per cent for positive bays. The time of change¬ 
over from positive bay to negative bay occurs between 22 00 and 23 00 hr 
local time, that is, approximately at geomagnetic midnight.* The same 
time of change-over has recently been obtained in the southern hemisphere 
(Robertson 1960). These results suggest that the ionospheric current in 
auroral latitudes, which is responsible for the bay, flows eastward (hence 


* The term “geomagnetic midnight” was first introduced by Vegard (19J7). 
Convenient diagrams for its calculation were obtained by McNish (1936) and 
Sugiura (1956). 
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causing positive bays) until geomagnetic midnight and westward (hence 
negative bays) after that time. This is illustrated in the top diagram of 
Fig. 12 and is consistent with observations of longitudinal motion of the 
aurora associated with bays (Nichols 1959, Davis I960; also see Table 2 
in Bond 1960), as is discussed later. Leakage currents of these main currents 
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Fig. 10. foEg distributions on geomagnetic latitudes at night (mean of 
monthly median values from 22 00 to 02 00 hr local time) and in tlie 
daylight hours (mean values from 1000 to 1400 hr) tluring three 
seasons. Small dots express less reliability than large dots (Matsvishita 

1950). 


flow partly in middle latitudes and the polar cap. It should he emphasized 
here that the bay current system is formed in patchy distribution (b'ukushima 
1949). 

7’ypical examples of ionospheric variations associated with bays at 
College are shown in Fig. 11. As can be seen in this figure,and/-min-F 
(minimum radio frequency reflected by the F-region, perhaps a better 
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measure of electron density) generally begin to increase at the onset of 
bay disturbances. At this initial stage, geomagnetic micropulsations are 
often associated with bays, and Eg is of the flat or retardation type (Camp¬ 
bell and Matsushita 1962). Following the increase of disturbances, foEs 
further increases until the absorption in the Z)-region becomes very severe. 
At this stage auroral type of Bs and night-F often occur. It can be assumed 

17 APR 1955 21 APR. 1955 16 APR. 1955 12 APR. 1955 

(150*WMT) 024135 24 17 19 



Fig. 11. Variations of/oF2, /-min-F, /«F« and /-min, every IS 
minutes, and geomagnetic horizontal variations at College, Alaska, 
are compared on a common time scale. Complete blanketing of the F- 
region by the F«, increase of F« echo and /-min, and occurrences of 
the slant F« and blackout are associated with geomagnetic bays; 
these different variations consistently depend on the magnitude of 
the bay disturbance (Matsushita 1958). 

that auroral type of Bs is formed by field-aligned clouds and retardation 
type of Bs is a thick ionized layer and that night-F is a thicker layer than 
retardation type of Bs> Complete blanketing of the F-region by strong Bs 
and night-F echoes almost always occurs when the range of the horizontal 
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component of the bay is moderate, namely, 100—200 y on internationally 
quiet days {Ap < 16) and 200-300 y on disturbed days {Ap >16) for the 
positive bay, and about —200 y (quiet days) and —300 to —400 y (disturbed 
days) for the negative bay. Since this intensity of bay most frequently occurs 
at night in auroral latitudes, the monthly median values of foEs night show 
large values: this can be seen on the distribution of foEs at night in Fig. 10. 
When the range of the bay is larger than the above values, a blackout usually 
occurs near the maximum disturbance of the bay after an initial period of 
complete blanketing of the F-region, as is shown in Fig. 11. Matsushita 
(1958) called this a “gradual blackout”, as compared to another type of 
blackout named “sudden blackout”, which is mentioned later. 

The ionospheric variations associated with moderate bays can be ex¬ 
plained by the penetration of charged particles down to the level of about 
100 km ^titude, which causes the bay current systems and the Es and 
night-£^ ionization. Around the maximum disturbance of severe bays these 
particles and Bremsstrahlung X-rays penetrate deeply into the Z)-region 
and cause blackouts. Increased amount of ionization during the blackout 
can be roughly estimated by the following equation which represents 
the nondeviative absorption of the ordinary component of radio 
waves: 

r ^ 1-17 X io-« r,, 

where d*S is the absorption in decibels along the path through a stratum 
of Sy N is electron number density per cm®, v is the effective electron 
collision frequency per second, and / and /l are the exploring radio fre¬ 
quency and longitudinal gyromagnetic frequency expressed in Mc/s. 'I'he 
calculated result indicates 10 to 100 times normal ionization assuming v 
does not change (Matsushita 1958). Accordingly, the electric conductivity 
may increase to the order of 10 times normal during blackouts. 

In order to explain the bay current system and a similar system for the 
geomagnetic disturbance daily variations, Ds or Sdi a dynamo effect due 
to the increase of conductivity was studied by many workers (for example, 
Fukushima 1949, Matsushita 1953a, Obayashi and Jacobs 1957). However, 
these authors needed to assume an exceptionally enhanced conductivity. 
The wind system responsible for the bay and Ds disturbances, assuining a 
reasonable conductivity, was also studied by several workers, such as 
Vestine (1954), Maeda (1957) and Cole (1960). However, it is rather diffi¬ 
cult to assume that the required wind system, which is quite different from 
that for the Sq field, can be easily set up, although a change of wind 
velocity may occur during disturbances. Bless, Gartlein, Kimball and 
Sprague (1959) suggested that instead of any dynamo action the bay 
might be caused by atmospheric winds operating on ionized particles 
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produced by incoming 50-keV solar protons. This suggestion was sup¬ 
ported by Bernard (1960). However, as was pointed out by Cole and Bond 
(1961), these workers forgot to take into consideration the effect of electric 
polarization fields. Duncan (1960) unfortunately misinterpreted the bay 
current system, suggesting that protons and electrons cause counter clock¬ 
wise and clockwise current loops, respectively. 

The most plausible explanation of the bay current system seems to be 
that, in addition to increased conductivity, it is due to effects of longi¬ 
tudinal electrostatic fields caused by protons and electrons. Let the sub¬ 
scripts X and y indicate southward and eastward components respectively. 
Relations among the current intensity, /, electric field, JB, and electric 
conductivity, S, all of which are height-integrated, are given by 

Tx — ^cDx^x “h '^xyEy 

Jy = 'EtyxEx "b 

where Sij is a tensor component of the height-integrated conductivity. 
In the low ionosphere at high latitudes, "Exx == Si/sin‘^ 9 ^ Eyy = Si, 

and Exy = — 'E^yx — S 2 /sin where is the magnetic dip angle, and Si 
and S 2 are height-integrated Pedersen and Hall conductivities. Then the 
eastward current intensity can be shown by ly — —S 2 -E' 3 :/sin + Sij&j/. 

Since |sin 1 and S 2 > Si in auroral latitudes, 

ly (4.1) 

where Ex’ is the equatorward electric field. In the same way as was 
discussed concerning the equatorial electrojet in Section 2, ly can be 
approximated by AX/27 t, where AX is the northward component of the 
geomagnetic variation due to the external field caused by the bay current. 
When AX is taken to be —400 y for a common negative bay accompanied 
by a blackout, ly is —6*4 X 10~^ e.m.u. or —6*4 x 10“^ amp (the negative 
sign indicates a westward current). If this current flows in an area of 
1000 km width, the total current becomes 6-4 x 10^ amp, which is a 
reasonable value. Then the product of the thickness of the current layer 
in cm and the speed of electrons in cm/sec becomes 4 X 10^^ , assuming 
the average electron number density per cm*^ is 10®, When the thickness 
of the layer is taken to be 40 km, the speed of electrons is 1 km/sec. If the 
average electron number density per cm® is 10® and the thickness of the 
layer is 40 km, the speed of electrons decreases to 100 m/sec. These speeds 
agree well with observations of longitudinal motion of the aurora associated 
with bays (see Table 2 in Bond 1960). If S 2 in equation (4.1) is 10 times 
normal, E% = (1*5 X 10“®) X 10 e.m.u. Putting these values of Sa and ly 
in equation (4.1) gives 


Ex' = 4*3 X 10® e.m.u. 
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If S 2 is 100 times normal, Ex' decreases to 4*3 x 10^ e.m.u. In any case, 
we need an equatorward electric field in order to explain the negative bay 
which often occurs after geomagnetic midnight whether or not it is accom¬ 
panied by a blackout. As is shown in Fig. 8, the electric field responsible 
for the Sq current in auroral latitudes around midnight is poleward; thus 
a simple increase of S 2 apparently does not help to explain the negative 
bay current system unless an unlikely change of wind system is assumed, 
by which an equatorward electric field may be formed. However, there 
remains one possibility: if protons impact at higher latitudes than electrons 
after geomagnetic midnight, the required equatorward electric field can be 
set up (see Fig. 12). Following the same reasoning, the positive bay, which 
usually occurs before geomagnetic midnight, requires the poleward electric 
field (i.e. E^' has a minus sign). Taking four times the normal S 2 , based on 
Ea increase, and AX — 200 y in equation (4.1) gives Ex' — —5*3 X 10® 
e.m.u. The Ex' responsible for the Sq current in auroral latitudes before 
midnight is poleward, but its intensity is less than required (see Fig. 8). 
Thus we need an additional poleward electrostatic field: this is satisfied if 
electrons impact at higher latitudes than protons before geomagnetic mid¬ 
night. Accordingly, as shown in Fig. 12, what we need is for the electron 
impact zone to change gradually from high to low latitudes during late 
evening and early morning and the proton impact zone to change 
from low to high latitudes. These two zones cross around geomagnetic 
midnight. 

There are several observed results to support the above suggestion. 
Generally speaking, the electrons seem to be responsible for the Eg and 
the protons seem to be responsible for the Z>-region absorption or radio 
blackouts at night, although high-energy electrons and/or X-rays produced 
from them occasionally may cause radio blackouts. Hagg, Muldrew and 
Warren (1959) obtained a spiral occurrence of Eg with respect to local 
geomagnetic times and latitudes, which is similar to the electron impact 
zone in Fig. 12. A reversed sense of spiral occurrence of radio blackouts 
has been obtained by several workers (for example, Thomas and Piggott 
1960, Bellchambers and Piggott 1960): this is similar to the proton impact 
zone in Fig. 12. Thus the formation of longitudinal electrostatic fields 
seems to be quite plausible. A similar mechanism may apply to the geo¬ 
magnetic Dg variation. However, the origin of these charged particles and 
the cause of the above charge separations are not certain. Shaw (1959) 
suggested that electrons in the trapping region, which receive additional 
energy from disturbances on the day-side of the earth, travel around the 
region until they reach the point where the magnetic flux will no longer 
reflect them. However, positive particles also must penetrate and a 
mechanism for receiving additional energy needs to be found, since the 
bay disturbance occurs without any marked solar phenomena (Matsushita 
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current can be expected during bays. Fejer (1961) and Axford and Hines 
(1961) have recently introduced an interesting idea for the explanation of 
the bay and JDs current systems; they suggested that these currents are 
linked with magnetospheric motions. According to the latter authors, a 
viscous-like interaction between the magnetosphere and an assumed solar 
wind causes an eastward ‘^‘driven flow” in the evening zone and a westward 
“driven flow” in the early morning zone in the outer part of the magneto¬ 
sphere and reversed flows in the inner part. If this is the case, required 
electrostatic fields might be formed by these inner reversed flows, and the 
linked currents between the ionosphere and the magnetosphere suggested 
by these authors need not necessarily be assumed. In any case, more studies 
are needed. 

Occurrences of blanketing F by Eg echoes and of gradual blackouts, 
associated with positive and negative bays, at College, Alaska, in three 
seasons are shown in Fig. 13. It is remarkable that bay disturbances occur 
even on internationally quiet days, particularly in equinoxes. Since geo¬ 
magnetic storm periods are eliminated from the “disturbance” group, all 
these phenomena are associated with real bay disturbances (not bay-shaped 
variations during storms). Occurrence of the blanketing F indicates an 
increase of Esy hence the electron impact, and occurrence of the blackout 
associated with negative bays indicates generally the proton impact. How¬ 
ever, occasional blackouts associated with negative bays and all blackouts 
associated with positive bays may be due to high-energy electrons and/or 
X-rays produced by Bremsstrahlung from them. Thus Fig. 13 indicates 
that, at College, electrons begin to impact at 16 00—18 00 hr, and reach 
the maximum at about midnight (sometimes later), and that protons begin 
to impact at about midnight or slightly earlier, and reach the maximum 
at different times in different seasons. This is consistent with what is 
seen in Fig. 12. 

In the da 5 rtime blackouts often occur suddenly without blanketing by 
Esy both on quiet and disturbed (excluding storm periods) days; this is 
named “sudden blackout” in this study. These sudden blackouts are not 
usually accompanied by any remarkable geomagnetic variations. This 
should not be confused with daytime blackouts during storms which are 
associated with large geomagnetic variations. The most frequent occurrence 
of the sudden blackout is around noon on disturbed days, as is shown in 
Fig. 14. The PCA event (polar cap absorption due to high-energy protons) 
which occurred on February 23-25, 1956 (Collines, Jelly and Mathews 
1961) is excluded from the present statistics. These sudden blackouts may 
be caused by ionization at a much lower altitude than the normal JS'-layer 
(hence no geomagnetic variations) due to X-rays generated by high-energy 
electrons (Matsushita 1958) which probably come from the trapped region 
in the sunlit side. The mechanism of their energy-gain may be due to the 
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Fig. 13. Number of occurrences of blanketing F by Eh echoes and 
of gradual blackouts associated with geomagnetic bays at College 
every 15 minutes on quiet {Ap < 16) and disturbed {^Ap >16) 
days in three seasons. Storm periods are excluded in order to show 
effects due to real bays only. Dots and crosses are for blanketing F 
and blackout associated with positive bays, respectively, and thin 
and thick lines are of those associated with negative bays. Bay dis¬ 
turbances in auroral latitudes occur even on internationally quiet 

days. 
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effect of the solar wind or other solar agencies. When the temporal and 
geophysical distributions of polar blackouts are studied, it is essential to 
make a distinction among different types of blackouts, such as sudden and 
gradual blackouts associated with bays, PCA blackouts, flare and storm 
time blackouts: many previous workers unfortunately failed to do this. 

QUIET DISTURBED !g 



Fig. 14. Number of occurrences of sudden blackout at College eve^ 

15 minutes on quiet (Ap <. 16) and disturbed (Ap >16) days in 
three seasons. Storm periods and a PCA event on February 23—25, 

1956 are excluded in these statistics. It must be noticed that blackouts 
suddenly occur without any remarkable geomagnetic variations on 
both internationally quiet and disturbed days and that they are not 

the PCA event. 

As is indicated in Fig. 11, slant Eg occasionally appears during bays, 
particularly during positive bays (about half of the positive bays were 
accompanied by slant Eg at College), and it only occurs during bays and 
bay-shaped variations during storms. As is represented in Fig. 15, the time 
of the most frequent occurrence of slant Eg at College is 18 00-20 00 hr 
on disturbed days, indicating a frequent connection with the positive bay: 
this is a typical behavior of occurrence of slant Eg in auroral latitudes. 
In the polar cap, however, slant Eg occurs frequently during daylight hours, 
particularly around local noon, as shown by Olesen and Rybner (1958) at 
Godhavn (geographic 69° 15' N, 53° 30' W; geomagnetic 79-8° N). This 
is understandable because magnetic disturbances often occur at night in 
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auroral latitudes and in the daytime at the polar cap (Mayaud 1955). 
Heppner, Byrne and Belon (1952) reported that slant Es at College is 
associated with auroras, Smith (1957) and Smith and Knecht (1957) sug¬ 
gested that the slant Es echo is due to a mode of radio propagation between 
two ionospheric layers around the ^-level, one reflecting and one scattering, 
and Bates (1961) described it as a scattering of radio waves by randomly 
distributed field-aligned irregularities. All of these indicate that slant Eg 
echoes are related to the impact of charged particles at night in auroral 

QUIET DISTURBED 
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Fig. 15, Number of occurrences of slant Ea associated with positive 
(solid lines) and negative (broken lines) bays at College every IS 
minutes on quiet ^Ap < 16) and distrubed (Ap ^16) days in three 
seasons. Thin solid and broken lines indicate less reliability than 
thick lines. In auroral latitudes slant Eg occurs only during bays, 
particularly positive bays, and bay-shaped variations during geomag¬ 
netic storms. 

latitudes and frequently in the da 3 rtime at the polar cap. Thus it can be 
concluded that electrons in the sunlit side of trapped zone which impact 
the polar cap cause slant Eg and magnetic disturbances in this region, and 
those which impact auroral latitudes cause sudden blackouts without any 
remarkable geomagnetic variation. 

In auroral latitudes bay-shaped variations during geomagnetic storms 
(polar elementary storms) show a behavior similar to the negative bay, 
although they occur at almost any local time (of course most frequently at 
night). However, they have less systematic behavior with regard to Eg 
because their formation, particularly the mechanism of the charge separation, 
is different from the bay. One interesting interrelation between Eg and 
ionospheric currents during geomagnetic storms can be seen at sudden 

I.S.E.—Ba 
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commencements. Matsushita (1957b) classified the shape of sudden com¬ 
mencements in the horizontal geomagnetic variation field into three types; 
~SC is characterized by a small negative impulse preceding the main 
positive impulse, SC is a common main positive impulse alone, and SC~ 
is characterized by an increase lasting from 0 to about 6 minutes followed 
by a decrease to a level lower than the initial pre-sudden commencement 
level. These three different types depend on the location of observing 
stations and on the local time of sudden commencement at each station: 
in high latitudes ~SC and SC~ occur much more frequently than SC^ 
but in lower moderate latitudes sudden commencements are almost always 
of the SC type, and in higher moderate latitudes -SC often occurs in 
the afternoon and SC- in the morning. Matsushita (1960a) suggested 
that the negative impulse of -^S'C and SC- are due to westward electric 
currents at about 100 km altitude caused by charged particles from outside 
the earth’s atmosphere and that the main impulse of sudden commence¬ 
ments is due to eastward ionospheric currents caused by hydromagnetic 
waves. When an SC shows a second positive impulse, the impulse is due 
to eastward currents caused by incoming charged particles. lonograms 
obtained by vertical ionosondes soon after the occurrence of sudden com¬ 
mencements support the above suggestion of incoming charged particles, 
because the data often show the appearance of Es, increase of foEs, blan¬ 
keting of the jP-region by Es echoes, increase of /-min, or beginning of 
blackout, all of which in^cate an increase of ionization in the .P-layer or 
an increase of radio absorption in the D-region (Matsushita 1957b). This 
is further supported by riometer observations of 27*6 Mc/s cosmic noise 
which often show an increase of absorption of 2 to 10 db starting at the 
same time as sudden commencements (Brown, Hartz, Landmark, Leinbach 
and Ortner 1961, Matsushita 1961, 1962 b). These indicate that charged 
particles (probably high-energy electrons) and/or X-rays produced by 
Bremsstrahlung from high-energy electrons, penetrate into the lower iono¬ 
sphere and cause ionization; as a consequence, there occur ionospheric 
currents and Es formation or increased absorption of radio waves and 
cosmic noise at the time of sudden commencements. The above process 
may result from hydromagnetic waves or electrostatic waves (Malville 
1961), which propagate along the earth’s magnetic lines of force and cause 
electrons in the outer Van Allen belt or the solar plasma responsible for 
storms to move down along the lines of force at the time of sudden com¬ 
mencement. Based on these observed results and hypothesis, it may be 
concluded that in auroral latitudes there is an interrelation of Es and the 
ionospheric currents responsible for special features of sudden commence¬ 
ments. 

Overall model of Es formations in high latitudes is as follows: 

(1) Xke retardation type Es and auroral Es are associated with geo- 
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magnetic bays and storms. The former is a thick layer and the latter 
is formed by field-aligned clouds, both of which are caused mainly 
by electron impact, probably from the trapped region. 

(2) Slant Es echo in auroral latitudes and the polar cap is due to a 
mode of radio propagation between ionized layers, which are pro¬ 
duced by electron impact. 

(3) Longitudinal electrostatic fields play an important role in the dis¬ 
turbed ionospheric current system in auroral latitudes at night. Es 
associated with bays has a correlation with the static field. 

(4) Es is occasionally associated with geomagnetic sudden commence¬ 
ments, probably due to electrons from the outer Van Allen belt or 
the solar plasma. 


5. Conclusions 

All ionospheric current systems, particularly certain new aspects of 
equatorial electrojets and Sq, bay and sudden commencement currents, 
are described, and their interrelation with different types of Es and the 
mechanisms involved in the interrelation are discussed in this article, using 
statistical results on Es which have been obtained by the present author 
during the past 12 years. It is already known that Es-q is due to the solar 
equatorial electrojet and that Es in high latitudes is due to incoming 
charged particles. However, an attempt has been made to further clarify the 
mechanism of these Es formations from the point of view of interrelations 
between Es and the ionospheric currents. It is concluded that the Es-q echo 
is due to irregularities in the equatorial electrojet caused by vertical drifts 
and that retardation and auroral types of Es are ionized layers mainly 
caused by electrons. Also it is suggested that the most common Es in 
temperate latitudes is a thin patchy layer which is due to vertical drift 
effects caused by wind shears (namely, re-arrangement of pre-existing 
ionization), although occasionally Es in temperate latitudes is formed by a 
descending thick cloud of ionization. Blanketing Es does not occur in the 
vicinity of the magnetic equator, as is mentioned in the articles by Bowles 
and Cohen and by Knecht and McDuffie in this book, because neither 
Es-q nor equatorial slant Es shows any blanketing; and neither the cause 
of thick Eh, which is responsible for blanketing upper layers, in temperate 
latitudes nor the cause in high latitudes can hold on the magnetic equator. 
Correlations between Es and the lunar current system are not described in 
detail because they are mentioned in another article. Except for thunder¬ 
storms and meteor bombardments, the above mentioned mechanisms are 
suggested as the primary causes of the Es ionization. This paper ignores 
those specialized echoes appearing on ionograms which are caused by the 
mode of radio wave propagation and which, although interesting from a 
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wave propagation standpoint (see Tao’s, Layzer*s and Rawer’s articles in 
this book), do not provide much information on the main features of Es 
structure. A question of the lifetime of Es may be solved, since Es does not 
disappear as long as the causing agency continues to act. Also, an apparent 
horizontal drift of Es in temperate latitudes indicates a horizontal change 
of the causing agency, and that observed by radar in auroral latitudes and 
the magnetic equatorial zone indicates the ionospheric current flow. 
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Concluding Remarks 
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1. Introduction 

The third contribution by RatclifFe in the first chapter is a very fine 
survey presented at the conclusion of the Conference of Sporadic-E' 
Ionization sponsored by AGARD at Cambridge in 1957. It is our aim in 
the concluding section of this text to use Ratcliffe’s paper as a point of 
departure and, rather than review the entire field, to attempt to bring it 
up to date, particularly in the light of contributions to this volume. With 
this in mind, we are following a very similar outline to that used by 
RatclifFe. His “facts” are covered in the second and third parts of our 
Concluding Remarks under the titles Occurrence of Sporadic E and Sporadic- 
E Movements. His section on electron distributions is largely paralleled by 
the fourth part of the conclusion entitled Structure of Sporadic E. Ratcliffe’s 
following section. The Ultimate Causes of Egy is paralleled in this treatment 
by Section 5, Discussion on the Cause of Sporadic E. The final section in 
this chapter considers future research as does RatclifFe’s paper. 


2. Occurrence of Sporadic E 

In the equatorial zone, considerable new information is now available. 
There are better measurements than before on the width of the equatorial 
sporadic-jB belt in South America. Based on the close-spaced chain of 
ionosondes, Knecht and McDuffie find that the “half power points” of 
the sporadic-E belt lie at ±5*1 degrees in magnetic dip (approximately 
700 km in width). In support of this finding, Bowles and Cohen find from 
their oblique-incidence circuits that the width of the belt must be at least 
ih5 degrees in latitude. In addition, both Knecht and McDuffie, and 
Bowles and Cohen find that blanketing type of sporadic E is forbidden 
at the magnetic equator. The forbidden belt seems somewhat narrower 
than the belt pertinent to ^'-type Eg which is associated with the electrojet. 
Skinner and Wright have derived values for the frequency dependence of 
equatorial sporadic E. They suggest a value of 9*4 for the frequency 
exponent based on their measurements between 4 and 8 Mc/s at vertical 
incidence. If the 50 Mc/s radar measurements of Bowles and Cohen are 
considered as well, then the frequency exponent over the wider range of 
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frequencies appears to be more like 7. Using fixed-frequency backscatter 
techniques, Egan and Peterson find direct backscatter returns from the 
g'-type sporadic E and postulate field-aligned ionization for this type of 
sporadic E. Bowles and Cohen suggest the height of g-type sporadic E 
to be between 100 and 107 km and find that slant Es, as observed in the 
equatorial zone, also has the same height of origin. 

In the temperate zone, we have substantial advances in the area of back¬ 
scatter observations of sporadic E. The results of both Egan and Peterson 
and Dueno show surprising preferences for particular azimuths. Ocean 
paths are preferred both at Stanford and at Camden, Australia vs. the 
overland ones and the results also suggest that mountainous areas may have 
a strong effect on sporadic-E occurrences. Dueno in his measurements 
from Puerto Rico finds a distinct preference for southerly azimuths (al¬ 
though in his case, he is surrounded by ocean on all sides). The Australian 
work reported by Thomas seems to be indicating very interesting relation¬ 
ships of sporadic E with E-region moving phenomena. 

A sporadic-E front, somewhat similar to the Australian type, was 
observed in the U.S. by DeGregorio et ah The variations of the different 
sporadic-E types, as defined for the purposes of the I GY, have now 
become available (Leighton, Shapley, and Smith); but the interpretation 
of their significance largely remains for future researchers. A somewhat 
more comprehensive look at the problem of correlation of sporadic E as a 
whole with sun-spot number has been carried out by Chadwick who 
finds that a negative correlation exists for most hours at all his sample 
stations. The problem of interrelating the vast amount of vertical-incidence 
data to oblique-incidence circuits has been studied by DeGregorio et ah 
and appears much more complicated than was previously thought, with 
the result that no simple means of conversion appears possible. 

It is interesting to consider night-E in that it is part of the spectrum 
of E-region effects which is different from the regular E-region. In fact, 
it is difficult, and rather arbitrary, to call some of these effects sporadic E 
and not others. Night-E is generally considered not to be sporadic E. 
King finds that in order to explain night-E one must resort to either 
X-rays on the dark side of the earth or else ionization supplied from the 
E-region. 

3. Sporadic-E Movements 

Movement of sporadic E in the equatorial zone is covered by Skinner 
and Wright and also Bowles and Cohen. I’he former find the order of a 
60 meters per second steady component occurring along with a 30 meters 
per second random component. Bowles and Cohen find a westward move¬ 
ment with an apparent horizontal velocity of 750 meters per second for 
g-type sporadic E which they interpret as a wave motion rather than as a 
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real movement of ionization. A dichotomy in results between Doppler 
fading at 30 degrees and 60 degrees from the vertical leads Bowles and 
Cohen to hypothesize a spectrum of wave motions moving at different 
vertical azimuths. 

Motions in the temperate zone are shown to be largely to the west. 
Egan and Peterson report that, although the majority of observed sporadic E 
appears stationary on backscatter equipment, of those that moved both 
Stanford and Camden observations show a largely westerly direction. 
Dueno finds a similar southwesterly direction for his observations for 
Puerto Rico with an average velocity of 150 meters per second. The 
analyses made to date on the great mass of Amateur sporadic-E" reports 
(mostly in the TJ.S.) accumulated at 50 Mc/s during the IGY show that 
all clouds appear to move, velocities in the westerly direction are preferred, 
and that clouds seem to have all conceivable sizes and shapes (Pfister, 
private communication). 

Vertical movements are treated only in the lunar tide and sequential Es 
by Matsushita. 

4. Structure of Sporadic E 

4 

In the equatorial zone, the dominant type of sporadic E is the so-called 
g'-type which is a highly transparent belt formed on the daylight side of 
the earth with a width of approximately 700 km. The details of this type of 
sporadic E are covered in the previous section. 

In temperate latitudes we now have quite a wealth of data on sporadic-JE 
structure, some of it conflicting. One gets a picture of large clouds of 
sporadic E approximately 200 km in diameter but subject to very wide 
variation in size. Seddon, in his discussion of rocket results, likes to think 
of sporadic JS as a large flat platter. Tao has shown that strongly reflecting 
sporadic E looks very much like a thin layer whereas the weakly reflecting 
variety shows characteristics of a scattering mechanism. The problem of 
the maximum plasma density of Es is still a worrisome one. The relatively 
meager rocket results do not favor very great intensification of daytime 
J5-region intensity, although a many-fold increase of electron density at 
night-time is possible. However, the fading work reported in DeGregorio 
et aL best fits an explanation where plasma densities do exist which 
correspond to the observed Es critical frequencies (frequently as high as 
12 Mc/s) as is suggested by Rawer. 

The rocket results do show evidence of steep gradients, but it is rather 
difficult to explain the intense sporadic E as seen at v.h.f. on the basis of 
gradients. Rawer points out that one can deduce from sporadic E^ as seen 
on ionograms, that the thickness is less than 5 kilometers. Seddon suggests 
one-half to two kilometers from rocket results. Tao suggests that layers of 
the order of 300 meters to one kilometer provide a reasonable fit to the 
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data obtained and that, if a scattering model is assumed, a horizontal scale 
of 200 meters and a vertical scale of 50 meters is appropriate. 

Sporadic E of the type found in the auroral zone or associated with 
auroral effects may take completely different forms than appear appropriate 
for the temperate zone. There is strong evidence of thick layers formed 
by incoming auroral particles. Similarly, in the equatorial zone, the ^-type 
sporadic E associated with the equatorial electrojet is apparently quite 
distinct from the normal temperate latitude types. 

5. Discussion on the Cause of Sporadic E 

g'-type sporadic E is intimately related with the equatorial electrojet as 
demonstrated by Bowles and Cohen, Matsushita and others. Certain 
details of the mechanism involved are still unclear, but it is certainly 
appropriate to specify the equatorial electrojet as the cause and g'-type 
sporadic E as one of the consequences. One of the major problems in the 
understanding of ^-type sporadic E is concerned with the fine structure 
of the reflecting mechanism. If Bowles and Cohen are to be believed, the 
reflections take place from a wave motion in the electron density. The 
velocity measurements of Bowles and Cohen, based on Doppler techniques, 
are approximately of an order of magnitude higher than the velocity 
obtained by Skinner and Wright using the Mitra method. The latter velo¬ 
city would be acceptable in a cigar-shaped model, whereas the Bowles and 
Cohen velocity (which, according to Matsushita, is very similar to the 
expected electron velocity in the electrojets) requires that one considers a 
wave motion propagated in the direction of electron flow. In the tem¬ 
perate zone, as Rawer nicely catalogued, there is a good reason to suppose 
that most sporadic E must be explained on a terrestrial basis. Looking at 
the various terrestrial mechanisms available, the one described by White- 
head and also discussed by Matsushita is perhaps the most appealing. In 
this mechanism the vertical gradient of wind shear in the presence of the 
earthy’s magnetic field sets up drift motions which vary with height due to 
the gradient. If the wind shear mechanism is correct, then the distribution 
of sporadic on a world-wide basis can be used to derive the wind shear 
pattern at these heights. The mechanism described by Layzer serves the 
useful purpose of deciding the limitations in intensification which can be 
derived from that mechanism. Sporadic E, explainable by turbulence, is 
probably very weakly reflecting by nature. Another interesting possibility 
is the effect of gravity waves as recently discussed by Hines, 1960 (see 
bibliography. Smith, Chap. I, Matsushita, Chap. II, part C), in the pro¬ 
duction or triggering of sporadic E. Despite exciting new possibilities, it 
must be admitted that there are several unanswered questions, such as 
the lack of information on the occurrence of wind shear, which block the 

I.S.E.-C2 



380 


S. Matsushita and E. K. Smith, Jr. 


complete acceptance of any of the suggested mechanisms. The necessity 
for a terrestrial mechanism is perhaps primarily dictated by the strong 
seasonal variation with maxima six months out of phase in the Northern 
and Southern Hemispheres. In the auroral zone, it is quite logical to 
conceive of incoming particle bombardment being strongly influential and 
this, in fact, is fairly well established. 

6. Future Research 

In order to complete our knowledge of ^-type sporadic J?, it is necessary 
to pursue the type of work which Bowles and Cohen have been carrying 
out and to bring more theoretical interpretation to bear on their experi¬ 
mental work. In particular, it is also necessary to resolve the difference in 
velocity observed by Bowles and Cohen and that observed by Skinner and 
Wright. There is no a priori reason for supposing that the electrojet is 
uniform around the world. It would therefore be very useful to get further 
geographical information of the type obtained by Knecht and McDuffie on 
the width and intensity of the sporadic-^* belt in other localities, perhaps 
West Africa. In the temperate zone, now that we have the benefit of the 
observations during the IGY on the typing system adopted for that period, 
there is a distinct need to modify some of the classifications. In particular, 
it would be useful to have a less artificial way of classifying sequential 
sporadic E and also of introducing some measure of transparency into the 
classification system. Due to our current lack of knowledge on vertical 
wind shear, it is important that in the future we obtain more information 
on wind shear, particularly coupled with direct observation of sporadic E 
and movements of the sporadic-jE patches. It still has not been determined 
by direct measurement of the integrated electron content whether or not 
sporadic E is due to new ionization or a redistribution of the existing 
ionization at temperate latitudes. It would be useful if this question could 
be resolved, perhaps using transmissions from a geostationary satellite. 
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